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Abstract
This thesis report describes the design and implementation of a prototype Intelligent
Tutoring System (ITS), intended to assist students of theGerman language. Very ear
ly in the study of a foreign language, the student is faced with the difficulties of sen
tence construction. Not only are there numerous rules and combinations to dealwith,
but it is difficult to verify attemptswhen the teacher is unavailable. Individualwords
can be looked up in a dictionary, but the student must often rely on stumbling across
a sentence of similar construction in order to verify a trial sentence.
A variety of
Computer-Assisted Language Learning (CALL) tools have been devel
oped. Many have been criticized for not being user friendly, containing material
which does not match the course curriculum, being inflexible, or being just plain in
correct. The prototype system developed for this thesis experiments with several
characteristics
- an object-oriented design approach, amasking technique using dy
namically builtpatterns to bridge the gap between hard-coded and full artificial intel
ligence approaches, and a C++ implementation. It attempts to draw on past failures,
as well as past successes.
The system described here provides a means for practicing sentence construction,
with interactive diagnosis and feedback. A phrase or sentence is presented to the stu
dent for translation. The response is then checked for correctness. If the answer is
incorrect, the student is given the option of trying again, receiving increasinglymore
specific hints, or having the system display the response it was expecting.
Key Words and Phrases
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Computer-Assisted Instruction (CAI), Comput
er-AssistedLanguageLearning (CALL),Expert Systems,Natural Language Proces
sing, Education, German, C++.
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1. INTRODUCTIONAND BACKGROUND
1.1. Problem Statement
When a foreign language student leaves the classroom environment and teacher, avalu
able resource is lost. The student no longer has an expert to use as a resource forunder
standing or clarification. Text books and other
"static"
media are not always effective
reference (or tutoring) tools. A dictionary, for instance, can be used if a studentwishes
to look up an individualword, butmay be oflittle help if the questionconcerns sentence
construction or other concepts. Intelligent Tutoring Systems (ITS), and other forms
ofComputer-Assisted Instruction (CAI), have attempted to extend the resources avail
able to a student for practice and reference.
Computer-Assisted Instruction has been a fairly popular research area, in both the aca
demic and commercialworlds, since the early 1960's. A variety of
student- and teach
er-oriented products are currently on themarket or in experimental usage. Questions,
however, about the lack ofeffectiveness of these products, combinedwith the apparent
lack of real progress in the field, are what prompted one researcher to speculate on
whether the field might better be called CIA - Computer-Inhibited Acquisition [Far-
rington,1986]. Part of the difficulty has been in the cross-disciplinary nature of the
task. Not just a computer or parsing exercise, CAI researchers must take into account
accepted methods in the fields of education, psychology, and, of course, the subject
which is to be taught.
This thesis project addresses one area inwhich an intelligent tutoring system can be of
assistance - the area of phrase and sentence construction. This is an area where re
sources are scant,when no expert is accessible. To verify the correctness ofa sentence,
the studentmay have to rely on stumbling across one of similar structure in a textbook.
Even this may be inaccurate, as different vocabulary may require a variation in the
structure of the sentence. Sentence construction is not an advanced topic, either. Most
language courses begin introducing some sentence formswith the very first class. Al
ready, the best CAI packages are challenged.
The ITS prototyped as part of this thesis experimentswith amasking technique ofdiag
nosis, using run-time generated patterns to identify the discrepancies in a student re
sponse. The thesis also experiments with the object-oriented analysis, design and im
plementation of such a system. A fully functional (though limited inknowledgedepth)
system has been designed and implemented to illustrate and exercise these concepts.
The systempresents phrases to the student for translation, and diagnoses the responses.
Hints and additional chances are offered if the student desires.
1.2. Previous Work
In the early 1960's, there was not much distinction between
Computer-Assisted Lan
guage Learning systems, and other disciplines ofCAI. Existing systems weremainly
of the drill-and-practice variety, the equivalent of electronic flashcards. By the late
1960's, attempts were being made to use interactive feedback to control the
systems'
operation [Uhr,1969]. The earliest forms of feedback-control involvedmerely re-ask
ing problems which were previously answered incorrectly. By the early 1970s,
at
tempts were being made to adjust the difficulty of problems based on
performance
[Woods,1971]. Discussion ensued onwhenhelp should be offered to the student,
and
whether the student or the tutoring system should determine the level of difficulty
of the problems [Hartley,1973].
By the 1980s,many projectswere concentrating on the bestway to represent the state
of the student's knowledge, in order to optimally adapt to it [Goldstein, 1981],
[Burton,198 la-b], and [Sleeman,1981a-b]. Research had also diverged into two dis
tinct areas, template software for teachers to author their own computer-assisted les
sons, and artificial intelligence and auto-adaptation programs which supported little,
if any, teachermodification [Boyd, 1982].
Today, CALLresearch andCALL systems typically fall into two broad categories. The
largest andmost sophisticated systems aredeveloped andmaintained by large universi
ties for internal use. They have evolved overmany years, and are highly customized
to support their own language curriculums. Likewise, the most sophisticated systems
in related areas (for instance, business document critiquing systems), have been devel
oped internally by large corporations and large universities. These types of organiza
tions have the advantage of large computing resources, and projects which slowly
evolve and grow as they reach the more subtle hurdles. Another distinct advantage is
that, as their own customers, the researchers in these universities and corporations have
a continuous open channel for feedback, both positive and negative. At the other end
of the spectrum, most commercially available CALL software is much less sophisti
cated. The intended customers, typically individuals andpre-college educational insti
tutions, tend to have much more limited computing resources, and only a very small
budget for educational software. In order to meet these customer constraints, and to
bring such products tomarket in a timely manner,most of these packages address very
narrow topics at the beginner level.
One large non-commercial effort that has been in-progress since the early 1970's is at
Concordia University (Canada). They began experimenting with both student- and
teacher-oriented CALL programs, themain focus ofwhich were to improve the effec
tiveness of their own remedial and second language Englishprograms. Narrow topics,
such as specific verb tenses,were addressed individually, with the hopes of eventually
building a library of software for a large range of grammatical and syntactical topics.
One of the more ambitious later projects was a "whole
composition"
analyzer, which
attempted to diagnose student-constructed sentences [Boyd,1982]. Several notable
concepts were illustrated in this project. Firstwas the decision to check sentences for
common forms of faults, rather than on a true Al analysis of the sentence for correct-
ness. It proved that a benefit could be still be realized, while narrowing the scope and
the complexity of the task. Another successful concept was the extensive compiling
of statistics, including comments solicited directly from the students at the end of les
sons, for adjusting and enhancing the diagnostics (for continuous improvement).
In the early 1980's, a similar program was being tested at Kings College (Scotland).
This program was used for instruction in French, and illustrated some other successful
characteristics [Farrington,1982]. A common complaint had been that CAI software
oftendidnotrecognize alternate correct answers. This program specificallyresearched
and hard-codedmultiple correct answers to each problem. User-friendliness (to both
those familiar with computers, and those not) was another frequent complaint about
early CAI attempts. This program offered hints, encouragement, praise, etc., ifdesired
by the student. This was an improvement over the "display a problem", "read student
response", "if incorrect, print correct answer", "display next
problem"
cycle of earlier
drill-and-practice software. Other attention was paid to user-friendliness, giving the
student control over the level of help, and the ability to exit at any time. Similar to the
Concordia University program, incorrect answers were stored so that future enhance
ments could handle new variations of answers and new types of errors.
During the same timeperiod, CALL researchwas alsobeing conducted at theUniversi
ty ofWaikato (New Zealand). Various projects examined issues around natural lan
guage tutoring. The pros and cons of using the first language (meaning the student's
normal language, as opposed to the onebeing taught) on the screenwere explored. This
issue is still notresolved, though. Itwas also concluded that exercisesweremore effec
tivewhennot categorized in such a fashion that the student already knewwhat problem
area was being tested. The projects also experimented with overall user-friendliness
of CALL systems.
Several researchers have addressed alternatives to hard-coding answers to exercises.
One possibility is to hard-code a variety or hierarchy ofcorrect answers, asmentioned
earlier. An alternative is to
"can"
commonwrong answers as well as correct answers,
for efficient trapping of errors [Femey,1989]. One successful program which uses
canned knowledge, the LITTRE program, pushes the hard-coding technology to its
limits [Farrington,1986]. The program has proven very useful, and comes across as
quite knowledgeable in French. The disadvantage has been that each individual sen
tence requires extensive analysis before being canned.
At IBMResearch, thework ofRoy J. Byrd, and associates, has contributedmuch useful
information on word-based storage and morphological analysis [Byrd,1983, 1986,
1988]. All of these works have been based on a component dictionary system called
UDICT. Intended as a building block for general-purpose natural language processing,
the concepts forknowledge representation are relevant toCALL. There are two compo
nents to the UDICT system. A database component consists ofwords, feature informa
tion (such as part-of-speech, gender, etc.), and morphological information (rules on
how the variations of theword are formed). The second component is amorphological
analyzer to process the feature information in order to match variations to the base
word.Most of the database information is encoded in binary fashion (e.g. the
"mascu
line"
featurewould be either on or off) so as to take aminimum ofspace, and allow
fast
access. So far this representation has been undertaken for English and French. The
straight-forward implementation, however, lends itself to relatively easy adaptation to
other western languages.
An examination of the currently available commercial CAI packages for
the German
language provides some additional insight into the state of the art. Included, asAppen
dix D, is a list of currently available software packages for German, along with brief
descriptions of each. Nearly all are variations of the drill-and-practicemethod (as is
this thesis project). Approximately half of the packages handle
single-word vocabu
lary only, while the other half attempt in some way to address sentence-level
constructs. Approximately halfhave chosen to present the exercises in a game format.
While all are described briefly in the Appendix, two which most directly address the
same domain (sentence construction) as this thesis are discussed below.
The German WordOrder program is an interesting variation on sentence construction
exercises. All sentences are canned. The program chooses a sentence from its internal
list, then prints thewords in random order. The studentmust attempt to reconstruct the
correct sentence. Because the student must use exactly the same words as the original
sentence, parsing for correctness becomesmuch easier. One problemwith this particu
larprogram, is that itdoes not acceptcorrect sentenceswhichdo notmatch the original.
To take an English example, "The truck hit the
car"
would not be accepted if the sys
tem's version of the original sentencewas "The car hit the truck". This can be particu
larly restrictive ifan alternative variation of the correct sentence retains the samemean
ing as the original. In this case, the studentmay be misled into believing that only the
one form is correct.
The program gives interactive feedbackwhile the student constructs the sentence. As
eachword is entered, the computer tellswhetheror not it is correct. This helps to allevi
ate the problem of alternative correct sentences (in the above example,
"truck"
would
have been flagged as incorrect, giving the student the chance to try
"car"
instead) . Hints
are also available along the way. The student can review a brief lesson on the concept
which is employed in the current sentence, or receive the correct answer, at any point.
Another program which dealswith sentence construction is theDasher program. It be
gins much like the system implemented for this thesis, by presenting a sentence for
translation. The difference is that it does not attempt any intelligent diagnosis or tutor
ing. The student response is compared letter-to-letterwith the expectedresponse (also
greatly simplifying correctness parsing), and echoed back to the student with dashes
(hence the name) inplace ofanydiscrepancies . This occurs a specified number of times
before the correct answer is given. The re-try count is configurable.
The field ofCALL research is still drawing interest. One researcher comments that the
current trick ties in discovering and exploiting the knowledge representations which
would allow systems to take shortcuts, like a human would, in analyzing sentences
[Cameron, 1989] . Another researcher comments that the pioneering spirit is still alive,
and thatwe are still building a base ofbackground material to establish clear direction
[Last,1989] . He also criticizes projects tackled by educatorswithout enoughprogram
ming theory, and projects tackled by programmers without regard to education theory.
These are not unfounded complaints, and such needs of CAI/CALL researches have
prompted education experts to publishmaterials intended for the programming audi
ence [Fox,1989], [Dhaif,1990]. Anotherresource toCAI/CALL researchers arepapers
intended for teachers on how to selectgoodCAI software [LaReau, 1989] . Both contain
information of value to CAI designers - advice on effective and ineffective teaching
techniques, user interface techniques, and the perceptions of students and teachers.
1.3. Scope ofProject
The editors of a collection of computer-assisted language learning research papers,
commented in their introduction:
"As one reads through the chapters in this book, one realizes thatmuch
has been achieved and that much more will be achieved by selecting
ideas which have been tried out by individuals and by amalgamating
them."
[Cameron, 1986]
Theprimary deliverable for this thesis is aprototype IntelligentTutoring Systemwhich
attempts to dojust that. It is accompanied bydesign, user, and administrative documen
tation. It combines some of the concepts described in the previous section, to provide
a small package supporting semi-generated phrases, intelligent critiquing of student
responses, assistance to the student, if desired, and information gathering for further
improvement of its capabilities.
The semi-generated phrasesmark ahybrid between the all-cannedphrases ofsuchpro
grams as the H'lTKE program, and true random sentence generation. The system is
programmed to diagnose specific forms, ormodels, of phrases and sentences. These
models draw from pools of semantically correct selections, to eliminate the problem
of generating nonsensical phrases. However, all phrase construction, and diagnostic
pattern construction, occurs at run-time. The details of diagnosing a specific phrase
are abstracted so that they apply to the entiremodel. The run-time construction, then,
allows the system to correctly diagnose whatever vocabulary happens to be used for
a specific exercise. Besides the programming advantage, this also makes adding
phrases or sentences, of existing forms, very easy.
Externally, the tutoring system is fairly simple. Ithandles a single type ofexercise, sen
tence translation,with diagnostic feedback. When the student logs in, the system quer
ies the student's current knowledge level. All vocabulary and sentence models within
the system are marked with the chapter in the textbook in which they are introduced.
By requesting the student's knowledge level, expressed as the highest chapter
com
pleted in the textbook, the system can present only sentence forms
and vocabulary
which it knows the student has been exposed to. The knowledge level concept is dis
cussed in more detail in section 1.3.2. below, and in the Design and
Implementation
chapter later in the report. A few general user-interface rules apply. At any user
prompt, the student is able to ask forhelp or exit the program. At any user
promptwith
in a specific exercise, the student is able to abort that exercise and begin a new
one.
Help text includes information on what is expected at the specific prompt, as well as
on these general rules of control. A typical single-exercise dialogue consists of:
The system presents a phrase or sentence to the student, for translation.
The system reads the student's response.
If the response is correct, the system says so, and a new phrase is presented for
translation.
If the response is incorrect, the student is asked if he or she would like to try
again, receive the correct answer, or receive a hint from the system.
If the student chooses to try again, the system reads another translation response
(and attempts to diagnose it).
If the student requests the correct answer, it is given, and the system presents a
new phrase or sentence for translation.
If the student requests a hint, the system attempts to provide a clue as to what
iswrongwith the response,withoutgiving away the answer. Ifsubsequenthints
are requested, the system attempts to give successively more detailed clues.
During the course of the exercise, statistics and information about specific re
sponses are logged, for the purpose of future enhancements tomake the system
more robust.
Additional detail about the processing and user interface can be found in the Software
SystemDescription chapter later in this report, and in theUser and System Administra
tionManuals included as appendices. Because the project hadmultiple objectives, the
scope of each is addressed below.
1.3.1. System Functionality
Exhaustively addressing all possible sentence constructions for a language
would obviously have not beenmanageable as a thesis project. It was a goal,
however, to implement enough variety to illustrate the viability of its concepts.
This project does not constitute amajor leap forward in CALL technology, but
it is hoped that its experimental components represent small steps in the evolu
tion towardsmore effective tools. By taking concepts from successful systems
which used hard-coded data, and attempting to abstract the techniques, the pro
totype attempts a blending ofcanned and
"intelligent"
processing. Anotherkey
experimental element was the adaptation of a sentencemasking analysis tech
nique [Phillips, 1983] as a processing engine for the system. It, in effect, turns
the knowledge-base into the diagnostic programming language of the system.
A final experimental element was the design and implementation approach.
Natural language handling seemed to logically suggest an object-oriented ap
proach (word objects, sentence objects, etc.), and the design attempted to build
on that.
Theknowledgebase andprocessing support all aspects of theexampledialogue
described above, plus additional detail as described later in the report. This in
cludes the ability to choose pseudo-random, and non-repeating exercises and
vocabulary. To demonstrate these features required implementing multiple
phrase models, multiple vocabulary selections, multiple knowledge levels,
multiple types of errors, and multiple levels of error diagnosis (to support in
creasingly detailed hints). Being somewhatofa feasibility study, though, itwas
a goal to sample multiple models, vocabulary, errors, etc., which specifically
showed different characteristics (as opposed to increasing the volume of simi
larly processed models).
Phrase models and vocabulary are selected pseudo-randomly, so that the user
does not knowwhat phrase form or concepts will come up next. Additionally,
during any given session, phrases presented aremarked as
"used"
so that they
do not repeat while there are still new phrases to be presented. If the entire
knowledge base ends up being marked
"used"
(which may happen at lower




The prototype system delivered with this thesis will not dynamically adapt its
behavior based on individual
users'
previous histories, nor will it be teacher-
configurable. These and other possible future enhancements are discussed in
the Conclusions chapter, later in this report.
1.3.2. Design and Implementation
The tutoring system is highly tied to a specific textbook. This allowed the
phrase model and vocabulary selection, and choice of diagnostic errors, to be
done in a logical and pre-established way. This also provided a convenient
means for defining the "knowledge
level"
concept. Using "highest chapter
completed"
as ameasure of knowledge level provides a clearway tomark the
internal knowledge. Phrasemodels and vocabulary are taggedwith the chapter
in which they were introduced. This also keeps the knowledge level concept
straightforward for the student user. The use of the knowledge level addresses
a comment complaint against CAI software
- that the material does not align
with different student's capabilities.
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Asmentioned, an object-oriented approachwas taken. The scope of this objec
tivewas to apply object-oriented analysis and design techniques to the require
ments for the proposed system, and then implement thedesign using a language
which supports object-oriented constructs. Job-Oriented Object Analysis
(JOOA) [Nichols,1991] and Class-Responsibihty-Collaboration Design
(CRC) [Wirfs-Brock, 1990] methodologies were used. The analysis, design
and implementation details are documented inAppendix A. The tutoring sys
tem runs on the Computer Science Department Sun network.
1.3.3. System Internals
The principle objective, from an architecture standpoint, was the implementa
tion of the patternmasking diagnosis technique. Most of the software develop
mentwas related to integrating and illustrating the feasibility of this approach.
The dictionary portion of the system is very similar to the scheme described by
Byrd, et al. Words and feature information are stored in the dictionary. When
the system is building phrases to present to the user, it requests the variation of
words that itneeds by specifying the feature information. Thedictionary is also
used when diagnosing the student's response, to determine if incorrect words
are variations of the expected word, synonyms, etc. The dictionary is limited
to the vocabulary that the system currently supports (based on knowledge lev
el). A possible future enhancement, to use a full external dictionary, is dis
cussed in the conclusions.
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2. SOFTWARE SYSTEM DESCRIPTION
2.1. Introduction
A later Design and Implementation chapter represents the dense, but thorough, docu
mentation of the system development and architecture, using the techniques and ter
minology described in [Nichols, 199 la-b] and [Wirfs-Brock, 1990]. What follows in
this chapter is the "plain
language"
system description, intended as an overviewof both
its use and the underlying design. Two otherdocuments of interest exist, and have been
included as appendices to this report. They are the UserManual, and the System Ad
ministrationManual (appendices A and B, respectively). The UserManual is aimed
at the student user who wishes to use the tutoring system to practice translation. The
System AdministrationManual covers twomain topics, the organization and building
of source code, and the availability of data gathered by the system to characterize and
improve its performance.
2.2. User Interface Overview
The prototype system's user interface is not terribly sophisticated. It is text-based, in
teractive I/O. The user types input at the keyboard, and the system prints output to the
screen. Most of the user input consists of attempted phrase translations, and command
numbers chosen frommenus along theway. Additional detail canbe found in theUser
Manual appendix and the Sample System Runs chapter later in this report, but the brief
interchange below illustrates the look and feel of the system . In system logs throughout
this report, text printed by the system will appear in bold, and text typed by the user
will appear in italics.
ays27> git
German Language Tutor, version 1 . 0
If you are not sure how to begin, type "?".
Please Login: ken
Enter highest chapter completed (currently 2) ? 3
Exercises will be limited to chapter 3 and earlier.
You will now be asked to translate various phrases and sentences .
Translate :
the table is round
to German :
der Tisch war rund
That is not the expected translation.
Enter the number
indicating the action you would like
to take:
1 Try again.
2 - Have the system give you a hint.
3 - Have the system give you its answer.
4 - Quit this exercise and go on to the
next .
5 Exit the tutoring system.
6 - Help.
Choice? 2
There is something wrong
with the third word in your
response.
1 Try again.
2 Have the system give you a hint .
3 - Have the system give you its answer.
4 - Quit this exercise and go on to the next .




the table is round
to German:
der Tisch ist rund
Yes! That is the expected response.
Translate:
In the example shown, the student invokes the tutor using the
'git'
command, and then
logs in using the username
'ken'
. Valid usernames are assigned by the system adminis
trator. Two types ofusers are supported, the
"student"
and the "system administrator".
Upon logging in, student users enter the exercises, as illustrated above. System admin
istrator users have different features available. Refer to the respective manuals for
additional details on each.
The types oferrors diagnosed are specific todifferent forms ofphrases . Different levels
of diagnosis are typically available. If the user above had requested another hint,
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instead of choosing to try another translation, the system would have reported that it
was the tense of the verb which was wrong. If the user had requested yet another hint,
the system would have reported that the choice
"war"
was the imperfect form of sein,
but that itwas expecting thepresent tense. . Eventually, the systemwould have reported
that it could not give anymore clues without revealing the answer, and the option of
receiving a hint would have disappeared from the menu.
On-line help is available anytime the system is waiting for input, and the student is al
ways free to quit the current exercise, or exit the system altogether.
2.3. Internal Architecture Overview
The design and implementationof the systemwas done using object-orientedmethods,
and that terminology is used here forconsistency. The Terminology sections of theDe
sign and Implementation chaptermay be referred to for additional clarification, ifneed
ed.
2.3.1. High-Level Description
The fundamental object, from a processing standpoint, is the PhraseModel.
The PhraseModel represents everything that the system knows about a specific
form ofphrase or sentence - what semantically correctvocabulary can be used,
how to build a syntactically correct phrase from this vocabulary, and how to
diagnose a student's translation attempt. The normal execution of the system
is basically a sequence of exercises generated by choosing PhraseModels from
the list which the system sitpports.
The fundamental object, from a functionality standpoint, is the Translation-
Tree. This is a binary tree ofmasking patterns, through which the student re
sponse falls as the system tries to diagnose it. An initial diagnosis is made at
the first patternwhichmatches the response, and additional help (hints) can be
supplied to the user bymatching subsequent patterns. TheTranslationTree and
its nodes generate these patterns atrun-time, so that theyworkwith the vocabu
lary which was chosen for the specific exercise. The normal execution of a
single exercise consists of thePhraseModel generating aphrase to be translated,
and the TranslationTree processing student responses.
Another important object, as far as objectives of the system go, is the Log. This
object gathers run-time data to be used in characterizing system usage, and im
proving its diagnostic capability.
The remainder of the objects in the system function primarily as support for
those justmentioned. These are discussed further in the next section.
2.3.2. Detailed Description
A PhraseModelworks for aparticular form ofphrase or sentence. This is repre
sented by a PhraseDescriptor. The PhraseDescriptor contains the information
necessary to create a syntactically
correct phrase of the intended form. In order
11
to create aphrase to bepresented to the student for translation, the PhraseModel
draws a semantically correctBasePhrase from a pool ofchoices. A
BasePhrase
is an indication of valid vocabulary selections for this form of phrase,
with no
syntactic information included. The PhraseDescriptor uses the BasePhrase,
and builds the syntactically and semantically correct phrase
which the Phrase
Model presents to the user.
The TranslationTree works from the same BasePhrase, and builds the system's
expected response. All diagnosis is done by matching the student response
against patterns, and the expected response is essentially the firstpattern
in the
binary tree - a pattern with no wildcards. If the student response matches the
expected response, this exercise is complete, the system logs some data and sta
tistics, and another PhraseModel is chosen.
If the student response does notmatch the expected response, then it is fed to
the firstPatternNode in the binary tree. The pattern node builds apattern,which
consists of the expected response with some strategically placed wildcard(s).
This pattern is matched against the student response, and if it fails, the student
response is fed down the left branch of the tree until a match is found. Each
generated pattern is different, and/or increasingly more generic, in an effort to
isolate the problem area.
Once the student response matches a pattern, the system reports that the re
sponse was not the expected one, and asks the student how to proceed. If the
studentwishes to try again, the system resets to the root of the TranslationTree,
and waits for another attempt. If the student asks for a hint, the one which is
stored at the current PatternNodewill be printed. If the student asks for addi
tional hints, the system will feed the student's response down the right branch
of the tree. Sub-sequent patterns will try to further isolate or qualify the prob
lem, and hints at those levels will be increasinglymore specific. Once the tree-
parsing hits a leafnode, though, the systemwill tell the user that it can diagnose
no further.
A Dictionary object supports the system, by returning the derived forms of
words based on specified syntactic information. The PhraseModel andTransla
tionTree use this as they build the presentation and expected phrases.
AStatistics objectmaintains run-time counts, such as howmany exercises have
been attempted during the current session. This information is made available
to the user periodically, as well as logged for future inspection.
Further detail about these, and additional, objects, may be found in the Design
Document appendix. The next section is a system walk-through to illustrate
how these objects work with an example.
2.3.3.Walk-through to Illustrate Internal Function
Thiswalk-through is included as away to show how the different objects inter
act, and how the various dynamic objects are created and used. It also shows
how the pattern-tree diagnosis concept works.
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2.3.3.1. Static Data
Before actually beginning the processing, it is important to see what static ob
jects are in place. This is the system's knowledge base. A BaseWord is aprimi
tive data element in the system. It is not actually a word, but rather a key into
the dictionary indicating a specificword, butnot theword's form. For example
the BaseWord for
"man"
would also be the base word for "men". As will be
seen later, aWordDescriptor contains information about what form of a word
is required, and aBaseWord andWordDescriptor are all that is needed to obtain
a Word from the dictionary. BaseWords are combined to form BasePhrases,
which is one of the objects that a PhraseModel contains. BasePhrases are
grouped intoBasePhraseLists,which in turn are grouped intoBasePhrasePools.
The need for two levels ofgroupingwill be illustrated below. Each PhraseMo
del has its own BasePhrasePool to draw from. To begin the example, here are
two BasePhraseLists, each containing two BasePhrases:
BPL-1: "the", "man", "to be",
"good"
"the", "dog", "to be",
"hungry"
BPL-2: "a", "boy", "to be",
"energetic"
"a", "bird", "to be",
"noisy"
As mentioned earlier, a PhraseModel has a PhraseDescriptor which specifies
the form ofphrase or sentence represented by thismodel. This contains syntac
tic information. The PhraseDescriptor also contains information on the order
inwhich the phrasemust be built. This is so that words whichmust agreewith
each other (in gender, number, etc.)will. Here is an example PhraseDescriptor:
PD- 1 : "article, gender-dynamic", "singular noun",
"present tense verb",
"adjective"
Fill-in order: 2, 1,3,4
The actual elements of the PhraseDescriptor areWordDescriptors. TheWord-
Descriptors contain feature (or attribute) information describing the required
form of theword. For example the noun specified above is singular, as opposed
to plural. A special characteristic ofWordDescriptors is that features may be
marked as
"dynamic"
as is the gender of the article in the above example. This
supports the run-time building of phrases where words must agree with each
other, and will be shown later.
The following should illustrate the difference between BasePhrasePools and
BasePhraseLists . ABasePhrase and aPhraseDescriptor together specify a syn
tactically and semanticallycorrect
phrase. The following exampleBasePhrase
Pool is composed from both of the example BasePhraseLists.
BPP-1: BPL-1
BPL-2




would be able to generate the following valid phrases :
The man is good.
The dog is hungry.
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A boy is energetic.
A bird is noisy.
BPL-1 and BPL-2 are separate entities, though,
because they will not
always
be valid for the same
PhraseModel/PhraseDescriptors. As an example of this,
suppose the fixed_phrase_descriptor for a different
PhraseModel is:
PD-2: "article, gender-dynamic", "plural noun",
"present tense verb",
"adjective"
Fill-in order: 2, 1,3,4
A valid BasePhrasePool is:
BPP-2: BPL-1
which would generate the valid phrases:
The men are good.
The dogs are hungry.
BPP-2 cannot contain BPL-1, however, because the generated phrases would
not be valid:
A boys are energetic.
A birds are noisy.
BasePhraseLists, then, exist so that subsets of pools can be shared between
PhraseModels.
The first example PhraseModel currently consists of BPP-1 and PD-1. The
nextcomponent ofaPhraseModel is itsTranslationTree. ATranslationTreeob
ject is at the root of the binary pattern-matching tree. Like the PhraseModel,
it also contains a PhraseDescriptor. This describes the expected response. In
many cases, this will be the same PhraseDescriptor that the PhraseModel uses.
In those cases were it is not the same, the TranslationTree will also contain a
BasePhraseTranslator object which describes how to translate the original
BasePhrase to the new language. This handles caseswhere the translatedphrase
does not take on the same form as the original (e.g. greater/fewerwords or dif
ferent word order). The example here does not require this, so no additional
PhraseDescriptor is included.
The final static components of the PhraseModel and TranslationTree are the in
dividualPatternNodes. The tree itself is pre-determined, but there are dynamic
actions which occur during an exercise, and these will be illustrated below. In
order to have an example to work from, consider the following tree (without




P-4 P-5 P-6 P-7
That completes the description ofwhat the system knows before starting an ex
ercise. The next section examines the processingwhichwould occur using this
example data.
2.3.3.2. Run-time Processing
The first step of an exercise is choosing a BasePhrase to work with. It is in
tended that this be a random selection from theBasePhrasePool (BPP- 1 , in this





PhraseDescriptor (PD-1) is used to generate the phrase to be presented to the
student. A special object, the DynamicWordDescriptor is used along the way
to help resolve dynamic information in theWordDescriptors. As the phrase is
constructed, feature information is set in theDynamicWordDescriptor. Using
the chosenBasePhrase, and following the fill-in order specified by the Phrase
Descriptor, the second word of the presentation phrasewould be obtained from
the dictionary (for this example I'm assuming aGerman to English translation
by the student, so the German forms of the word are filled in):
presentation = Mann
In addition to setting this word, its feature information is set in the
Dynamic-
WordDescriptor (specifically, the fact that the gender of this word is mascu
line). As each subsequentWordDescriptor is used, it is first checked to resolve
any dynamic feature information against the DynamicWordDescriptor. The
nextWordDescriptorwould then be resolved to "masculine article", andwould
be obtained from the dictionary:
presentation = derMann
These steps are repeated until the entire presentation phrase has been
constructed. It is then presented to the user:
Translate:
der Mann ist gut
to English:
At this point, the TranslationTree takes over, and waits for the student's re
sponse. It builds the Phrase that it expects (in this case "theman is good") and
compares the two. If the response is what the system expected, the system
would inform the user, and this exercise would be over. For sake of example,




the man is good
to German:
In this case, the correctresponse would be "der
Mann ist gut". To illustrate error
diagnosis, assume that the response was "das Mann ist
gut"
(gender of the ar
ticle is incorrect).
Because thematchwith the expected response fails, the
TranslationTree object
feeds the actual response into the pattern tree. The following is simplified
ex
ample of how a fragment of a pattern tree might look. Every PatternNode
in
the tree is similar in structure. Each contains the rules necessary for building
the pattern needed at that level, and a hint as to the nature of the discrepancy
at that level. Thepatterns aredynamically built, and the ones shown
belowindi
cate how they might look for this example
vocabulary. (In the notation here,
'*'
represents the single-word wildcard.)
P-3 = "* Mann ist
gut."
Hint = first word wrong
/ \
P-6 = "der * ist
gut."
P-7 = "dasMann ist
gut."
Hint = second word wrong Hint = gender wrong
The student responsewould fall through the tree until it firstmatched a pattern.
In this case, thatwouldbe P-3. At this point the systemwill ask the studentwhat
he or shewishes to do. Asmentioned earlier, if the student chooses to try again,
or to receive the correct answer, the system will leave the diagnosis tree. If the
studentrequests a hint, though, the systemwillprint thehint associatedwith the
current PatternNode. In this case, it would tell the user that it did not like the
first word in the response. If the user asks for another hint, the system will at
tempt amatch down the right branch of the tree. In this case, amatch is found
with the pattern P-7, and the next hint is printed, this time telling the user that
it was the gender of the firstword that caused the problem. This can continue
as long as the system has a right branch to follow. Once it hits the leaf, though,
it will tell the user that no further diagnosis is possible. The left branch, P-6
would only have been taken if the response had not matched at P-3 originally.
Internally, the left branch is considered the
"no-match"
path (takenwhile look
ing for the firstmatch) and the right branch is considered the
"match"
path (tak
en to supply hints, as long as it continues to match the user's response).
That concludes a single exerciseprocessingwalk-through. Diagnosiswill con
tinue until the user answers correctly or quits the current exercise, then a new
exercise will begin.
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3. SAMPLE SYSTEM RUNS
3.1. Introduction
The following sections consist of excerpts from logs of sample sessions with the sys
tem. They have been broken into selections which illustrate different features and in
teresting aspects of the system. In logs, all text printed by the system appears in bold,
and all text typed by the user appears in italics. The first few sample runs illustrate the
basic functions available to the student user. Later samples illustrate specific types of
errors being diagnosed fordifferentphrasemodels. The last samples indicate the basic
functions available to a system administrator user.
3.2. Sample Run
This sample illustrates a normal login, and the correct execution of a single exercise.
Sys27> git
German Language Tutor, version 1.0
If you are not sure how to begin, type "?".
Please login: ?
In order the use this system, you must have an authorized
username. If you have not reaeived a username yet, see
your system administrator. If you do have a. valid username,
type it in now to gain access to the tutoring system.
Please login: ken
Enter highest chapter completed (currently 5) ? 5
Exercise will be limited to chapter 5 and earlier.
You will now be asked to translate various phrases and
sentences . You may stop at any time the important command
to remember is "?". Type a question mark at anytime to
be told your options and be given the opportunity to leave
Translate :
Is the soup warm?
to German:
Ist die Suppe warm?
Yes ! That is the expected response .
Translate :
Also illustrated above is the use of the user knowledge level. The system will not use
vocabulary or phrase models
from chapters higher than the student indicates.
3.3. Sample Run
This sample illustrates a failed login.
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Sys27> git
German Language Tutor, version 1.0




That is not a correct username, please verify that
you typed what you thought you did, and that you have
not
used upper or lower case when not expected.
Please login: badname2
That is not a correct username, please verify that
you typed what you thought you did, and that you have not
used upper or lower case when not expected.
Please login: badname3
Discontinuing attempted login after three tries .
Please verify that you are using a eorraot username,
or see the system administrator.
Sys27>
3.4. Sample Run
This run begins in the middle of a session, with an incorrect student response to a
translation request. It illustrates the optionmenu, a student request for help, a student
choosing to exit the tutor, and the statistics summarywhich accompanies program ter
mination.
Translate :
here is the glass
to German:
hier ist glas
That is not the expected translation. Enter the number
indicating the action you would like to take :
1 Try again.
2 Have the system give you a hint .
3 Have the system give you its answer.
4 Quit this exercise and go on to the next .
5 Exit the tutoring system.
6 - Help.
Choice? 6
This is a menu of the options that you have at this point .
Type the number of the option which you wish to take.
Your choices at this point are to try answering the exercise
again, have the system give you a hint about what was wrong,
have the system give you the correct answer, go on to a new
exercise, exit the system altogether, or view this help message.
1 Try again.
2 Have the system give you a hint .
3 Have the system give you its answer.
4 Quit this exercise and go on to next .




German Language Tutor exiting. . .
Duration of session 20 minutes
Number of different phrases asked to translate - 50
Number of correct responses 44
Number of total responses 57
Sys27>
The summary data indicates that the studentwas logged into the tutoring system for 20
minutes. During that time, 50 different phrases or sentenceswere generated for the stu
dent to translate. Of that 50, 44 were answered correctly (indicating that the student
"quit"
orrequested the system's answer 6 times). The finalcount above shows thenum
ber ofdifferent translation attempts (in this case, 57) that the student entered during the
course of the 50 exercises.
3.5. Sample Run
This run begins in the middle of a session, with an incorrect student response to a
translation request. It illustrates the user quitting the current exercise, and beginning
the next. The next exercise is also answered incorrectly, in such away that the system
cannot perform any intelligent diagnosis. Note that the system does not offer any hints
to the user, since it cannotmake enoughofadiagnosis todo so. This run then illustrates
the user requesting the system's answer.
Translate :
Mr. Jones is an American
to German:
Herr Jones ist ein Amerikaner
That is not the expected translation. Enter the number
indicating the action you would like to take:
1 - Try again.
2 Have the system give you a. hint .
3 - Have the system give you its answer.
4 - Quit this exercise and go on to the next .
5 - Exit the tutoring system.
6 - Help.
Choice? 5
The system was expecting:
Herr Jones ist Amerikaner
Translate:
How old is the child?
to German:
this attempt resembles the original in no way
That response is incorrect, but the system is unable
to isolate the specific problem.
1 Try again.
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3 Have the system give you its answer.
4 - Quit this exercise and go on to next.
5 - Exit the tutoring system.
6 - Help.
Choice? 3
The system was expecting:
Wie alt ist das Kind?
Translate:
3.6. Sample Run
This run begins in the middle of a session, with an incorrect student response to a
translation request. It illustrates the student requesting a hint from the system. It then
illustrates the student requesting subsequent hints, and finally, the system running out
of hints. At that point, it illustrates the student choosing to try the translation again.
Translate :
the table is round
to German :
die Tisch ist rund
That is not the expected translation. Enter the number
indicating the action you would like to take:
1 - Try again.
2 Have the system give you a. hint .
3 Have the system give you its answer.
4 Quit this exercise and go on to the next.
5 Exit the tutoring system.
6 - Help.
Choice? 2
There is something wrong with the first word in your response .
1 Try again.
2 - Have the system give you a. hint .
3 - Have the system give you its answer.
4 Quit this exercise and go on to the next .
5 Exit the tutoring system.
6 - Help.
Choice? 2
The gender of the first word is wrong.
1 - Try again.
2 - Have the system give you a hint .
3 Have the system give you its answer.
4 - Quit this exercise and go on to the next.
5 - Exit the tutoring system.
6 - Help.
Choice? 2
The gender of the article must agree with the noun. The noun is
masculine, but the gender of the article you used is feminine.
1 - Try again.
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2 Have the system give you a hint.
3 Have the system give you its answer.
4 - Quit this exercise and go on to the next .
5 Exit the tutoring system.
6 - Help.
Choice? 2
The system cannot diagnose this any further.
1 - Try again.
3 Have the system give you its answer.
4 Quit this exercise and go on to the next .





the table is round
3.7. Sample Run
The following sample run illustrates a phrase in which a BasePhraseTranslator was
used. In this case, the translation is not literal, it takes a slightly different form. Besides
illustrating base phrase translation, this run also shows that the diagnosis tree can be
designed to catch the literal translation as a possible student error.
Translate :
the man is a merchant
to German :
der Mann ist ein Kaufmann
That is not the expected translation. Enter the number
indicating the action you would like to take:
1 Try again.
2 Have the system give you a hint.
3 Have the system give you its answer.
4 Quit this exercise and go on to next .
5 Exit the tutoring system.
6 - Help.
Choice? 2
An article should not be used in this case.
1 Try again.
2 - Have the system give you another hint .
3 - Have the system give you its answer.
4 Quit this exercise and go on to next .




the man is o. merchant
to German :
der Mann ist Kaufmann
21
Yes! That is the expected response.
3.8. Sample Run
This sample run shows a system administrator login. This user chooses toview diagno
sis failures . Thiswouldbe used as ameans fordetermining how toenhance the system 's
diagnosis capability. Two different types of diagnosis failures are shown in the dia
logue below. The first shows a case where the system successfully isolated the error,
and provided hints, but the user asked for additional hints when there were nomore to
give. The second case shows an answer so different from the expected response, that
the system was not even able tomake an initial diagnosis. Both of these cases, though,
may indicate areaswhere the system couldbe improved. (In the second case,
thiswould
be true if the actual responsewas something that should have been isolated by the diag
nosis tree.)
German Language Tutor, version 1.0
If you are not sure how to begin, type
"7"
Please login: sys_user
Select desired function from menu below.
5 Exit the tutoring system.
6 - Help.
7 Write current log entries to file.
8 Delete log file.
9 Save log file to new name.
10 View system diagnosis failures .
11 - Generate report, system diagnosis failures.
12 View individual past session statistics .
13 Generate report, individual past session statistics.
14 View cumulative past session statistics.
15 Generate report, cumulative past session statistics.
16 Generate report, all information available.
Choice? 1 0
Leaf node encountered while looking for additional hints .
Date Sat Apr 03 1993 Username stu user
Index of model chosen 1
Phrase which was to be translated the house is old
Expected response das Haus ist alt
Actual response der Haus ist alt
5 - Exit the tutoring system.
6 - Help.
4 - Return to main system administrator menu
17 - View next entry.
Choice? 1 7
Leaf node encountered while trying to diagnose .
Date - Sat Apr 03 1993 Username - stu user
Index of model chosen 2
Phrase which was to be translated - the doctor drinks coffee
Expected response - der Doktor trinkt Kaffee
Actual response - Is this a valid translation attempt?
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5 Exit the tutoring system.
6 - Help.
4 Return to main system administrator menu.
17 - View next entry.
Choice? 1 7
No further diagnostic failure entries found.
Select desired function from menu below.
5 Exit the tutoring system.
6 - Help.
7 - Write current log entries to file.
8 - Delete log file.
9 - Save log file to new name.
10 View system diagnosis failures .
11 Generate report, system diagnosis failures.
12 View individual past session statistics.
13 Generate report, individual past session statistics.
14 View cumulative past session statistics.
15 Generate report, cumulative past session statistics.
16 Generate report, all information available.
Choice? 5
Your session with the German Language Tutor is complete .
The "index ofmodel
chosen"
is recorded in the log, in the event that the source code
will be entered. This points the programmer to the appropriate phrase model.
3.9. Sample Run
This is another system run, showing a system administratorviewing run-time statistics .
The first two sets of statistics are from individual system runs. After returning to the
main menu, the system administrator views the cumulative statistics for all statistics
entries in the log.
German Language Tutor, version 1.0
If you are not sure how to begin, type "?".
Please login: sys_user
Select desired function from menu below.
5 - Exit the tutoring system.
6 - Help.
7 - Write current log entries to file.
8 Delete log file.
9 Save log file to new name.
10 View system diagnosis failures.
11 Generate report, system diagnosis failures.
12 View individual past session statistics.
13 Generate report, individual past session statistics.
14 view cumulative past session statistics.
15 Generate report, cumulative past session statistics.
16 - Generate report, all information available.
Choice? 12
Statistics after a student session.




This session lasted 9 minutes, 12
seconds.
Number of different phrases asked to translate
Number of correct translations 1
Number of total responses 3
5 Exit the tutoring system.
6 - Help.
4 Return to main system administrator menu.
17 View next entry.
Choice? 1 7
Statistics after a student session.
Date - Sat Apr 03 1993 Username - stu_user
This session lasted 1 minutes, 14 seconds.
Number of different phrases asked to translate
Number of correct translations 0
Number of total responses 3
5 Exit the tutoring system.
6 - Help.
4 Return to main system administrator menu.
17 View next entry.
Choice? 1 7
No further statistics entries found.
Select desired function from menu below.
5 Exit the tutoring system.
6 - Help.
7 Write current log entries to file.
8 - Delete log file.
9 Save log file to new name .
10 View system diagnosis failures.
11 Generate report, system diagnosis failures.
12 View individual past session statistics.
13 Generate report, individual past session statistics.
14 View cumulative past session statistics.
15 Generate report, cumulative past session statistics.
16 Generate report, all information available.
Choice? 14
Cumulative statistics from log file .
Number of Individual sessions counted 2
Total duration of sessions 10 minutes, 26 seconds.
Average duration of sessions 5 minutes, 13 seconds.
Total number of phrases presented by system 5
Total number of student responses 6
Total number of correct translations 1
5 Exit the tutoring system.
6 - Help.
4 Return to main system administrator menu.
Choice? 5
Your session with the German Language Tutor is complete.
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4. DESIGN AND IMPLEMENTATION
4.1. Introduction
This chapter summarizes the threemajorphases in theGermanLanguageTutoringSys
tem development: analysis, design, and implementation. There are various object-ori
ented analysis anddesign techniques being tried today,manyofwhichborrow elements
from one another. This effort rehed heavily on twomethodologies - Job-OrientedOb
ject Analysis (JOOA) [Nichols,199 la] and Class-Responsibility-Collaboration
(CRC) Design [Wirfs-Brock,1990]. The methodologies are fairly intuitive, at least
once the potential confusion with structured analysis and design concepts are over
come. The documentation should be fairly straightforward, and enough background
description has been included to allow the reader unfamiliarwith thesemethodologies
to follow the design notes.
In general, object-oriented approaches tend to be more iterative, as opposed to using
the more rigid phases and gates of other methodologies. The lines between analysis,
design and implementation tend to blur, as earlier decisions are re-visited to address
modularity, reusability, and responsibility issues uncovered in later phases. The pro
cess does not lend itself to intermediate documentation. Instead, the documentation
here represents themore-or-less "stable
state"
whichwas achieved near the end ofeach
phase.
In addition to the development phases mentioned above, the system itself was ap
proached as having two distinct design components. The traditional "system
design"
defined the internals of the system - the mechanics of the algorithms, data structures,
etc., and the "knowledge base
design"
supplied the actual datawhichdrives the system.
The system design alone specified an empty shell. The knowledge base design filled
in the data. For this type ofdata-driven processing, the data design is critical. Diagno
sis of student responses is done by using trees ofpatterns to isolate and identify errors.
These trees are partoftheknowledge basedata, andmustbe carefully chosen to correct
ly identify errors.
The system design is described beginning immediately below. The knowledge base
design is described beginning with section 4.3.
4.2. System Design
4.2.1. System Analysis and Design Goals
The fundamental goal was to produce aworking prototype system, experimentingwith
the use of several concepts. Itwould be designed, implemented and documented in an
object-oriented fashion. In conjunction with this, it was a goal to realize some of the
benefits of this approach - an intuitive design, modularity and enhanceability. It was
a goal to make the system functional, from a user standpoint, and to include enough
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breadth ofknowledge to illustrate the various internal features (though not the breadth
of knowledge necessary to truly be a marketable product at
this point). It was a goal
to incorporate the patternmasking technique of diagnosis
described earlier in this re
port, and to support the run-time gathering ofdata for
future improvement of its diag
nostic capability.
4.2.2. JOOA: Job-Oriented Object Analysis
JOOA is one of several object-oriented analysis methodologies. It, in turn, attempts
to integrate the bestconcepts from two othermethods: "Role
Analysis"
and "Visualiza
tion". Itwas developed in 1987,andhasevolvedsincethenasithasbeenusedfor large
commercial software development projects. The designer who is familiarwith struc
tured, or functional, analysis and design,may find itmore difficult to use thesemethod
ologies effectively than the designerwho is already comfortable with object-oriented
programming. Once the basic terminology, notation, and concepts are understood, the
approach is fairly intuitive.
Themain objective in JOOA is to iteratively identify and refine objects, until they can
be described neatly and encompass the specified functionality. It involves approaching
the system from two different perspectives ofjobs (for which the system is intended)
in order that the two provide checks and balances for each other. A brief review of the
necessary terminology should be sufficient to allow understanding of the actual analy
sis reportwhich is included below. Object-oriented documentation, like the design it
self, will not necessary convey all necessary information in a single sequential read.
However, by referring backward and forward to diagrams and descriptions, the reader
should be able to reconstruct the design process.
4.2.2.1. JOOA terminology
There are not toomany definitions here, so they have been listed in amore logical, as
opposed to alphabetical, order.
WorkPlace - This is ajobview of the system from anexternal stand
point. In its most literal sense, this would be the actual place
where one human works, such as the control panel of a certain
machine. Workplaces can also be physically identifiable com
ponents of a system, again from an external standpoint (e.g. the
feeder, duplicator, and collator components of a copier). In the
case of a software system, such as this tutoring system, the
workplaces can be the different
"hats"
that a user of the system
mightwear (e.g. the teacher, the student, the system administra
tor or system designer, etc.)
Agent - An agent represents a job step in the system. An easymis
take for the functional designer, is to consider agents to be syn-
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onymous with tasks or functions in a structured analysis. In
JOOA, an agent is typically at a higher level than this. As the
analysis progresses, the agents should become trivial to the
point of being just a series of delegations to objects. In fact,
many or most agents may go away altogether.
Object - An object is a tangible component of the system. It may
represent a physical object (e.g. a "word", in this project's con
text). An object will have a purpose, some amount of knowl
edge, and some amount of responsibility (things that it can do
to/with its knowledge).
Work Flow - This is apictorial representation of the flow ofobjects
between agents. Again, the functional designer may confuse
these with data flow diagrams. Their true intent is to show
agents as black box components, again at a higher level, and
show how they are tied together only by the exchange ofcertain
objects. The inputs and outputs of the agents are numbered to
represent
"pins"
in this schematic-like representation of soft
ware components. One of the principle reasons for agents and
work flows being at a higher andmore generic level than tasks
and data flows, is to avoid restricting their evolvement. Where
as tasks and data flows tend to be rather stable, and drive the rest
of the design, agents and workflows will tend to change as re
sponsibilities are traded between agents and objects as the de
sign coalesces.
Composition Graph - This is the pictorial representation of an ob
ject which contains other objects as part of its internal knowl
edge. The labels on the arrows indicate howmany sub-objects





Begetter Graph -This is a pictorial representation showing objects
which create or destroy other objects. It is distinguished from
a composition graph by the lack of labels on the arrow. A slash
through the arrow indicates objectdestruction. Ifno explicitde
struction graph is shown, an object is assumed to be destroyed
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by the same object which created it.
Objectl
Object2
CollaborationGraph - This type of graph shows which agents and
objects are
"customers"
of other objects. The numbers within
each object box indicate the specific responsibility that the cus
tomer is expecting, and are typically described in a key accom
panying the graph. This type ofgraph is usually used
in the low
er levels of design, but a high-level collaboration graph has





There are additional terms used in the JOOA literature, but since this particulardesign
does not require these elements, they have not been included here.
The design of the tutoring system begins with the next section.
4.2.2.2. Work Places and Work Flows




System Administrator- ID User
- View andManipulate Logs
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Teacher (future) - ID User
- Edit Users
- Edit Knowledge Base
These initial agents were identified from the responsibilities listed above. Since the
'Teacher"
workplace is a future enhancement, those responsibilitieswere not included:
( Quiz \
"A User J
It turns out that this system is not very complex, from this external perspective, so the
. work flow diagrams are not extremely interesting. The objectpath shown above repre
sents the flow of a single object, a User.
Normally, the above diagramswould not be included, since they changed in the course
of object identification. They have been left above, however, to comment on the pro
cess in spite ofthe fact thatonly one agent survived intact. This agent, Session, evolved
predominantly from the original
"QuizUser"
agent. Most of the IDUser andGetStatis-
tics responsibilities were delegated to the UserList and Log objects, respectively.
Looking ahead, this is actually an ideal situation, because this single agent could then
become the main() function of the C++ implementation. This leaves the final set of
Work Flow diagrams for this system as:
Given the above information, theWork Places are now documented:
4.2.2.2.1. Student
This is the primary user of the system. A typical interactionwould include logging
in, answering some exercises, receiving some feedback, and logging off. A high





Because this is an experimental system, itwill provide for a class ofuserwhose
in
terestwill be in system performance, correctness, andotherdesign issues
. Ahigher









The essential role of this agent is to control the complete login to logout interactive
session with a single user.
4.2.2.3.1.1. Responsibilities
Perform any general system set-up and shut-down.
Initiate a user login.
Coordinate series of exercises for the student user.
Coordinate the access to andmanipulation of logged data for an administrative
user.
Because there is only a single agent in this design, the following collaboration








1. read and validate user
PhraseModelList







This sectionprovides an alphabetically listed description ofeach object uncovered
during analysis. Those objects which are necessary for the essential purpose of the
system (i.e. user exercises) are described inmore detail than other less essential ob
jects (i.e. log manipulation). This is intentional, as it leaves greater design- and
implementation-time flexibility in those areas which are less critical.
Before the textual descriptions begin, the composition and begetter graphs are pres
ented. These can be referred back to, in order to understand the relationships be
tween the described objects. The composite illustration below is a visual aid that
represents themost complex of the composite objects, thePhraseModel. It conveys
roughly the same information as the individual composition graphs (with the ex
ception of the count labels), but itmay be helpful to see them together for this com
plex object. Trivial
"composition"
graphs for objects which are not currently com
posed of additional objects have also been included. This adds completion to the
illustrations, since all objects are now represented. Additionally, a brief statement
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PatternNode













A collection ofBasePhrases of like length which can bemade syntactically valid by
application of the same PhraseDescriptor.
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BasePhrasePool A collection ofBasePhraseLists containing BasePhrases of the same length, andwhich
can bemade syntactically valid by application of the same PhraseDescriptor.
1-n
BasePhraseList
BasePhraseTranslator A set of rules which describes how to translate a specific BasePhrase associated
with a specific PhraseModel.
Dictionary




This represents the entire dictionary entry for a single base word (including how to derive
other forms of the word, etc.)
DynamicWordDescriptor Collects attributes of words in a phrase, in order to dynamically set the
attributes of later words whichmust agree with the earlier ones.
Hint






This object represents all run-time gathered data currently being maintained by the
system.
LogEntry


















Represents the rules for converting a Phrase of a given semantic model to a
pattern which will be used for diagnosis (i.e. containing wildcards).
PatternFragment
This is a pattern primitive.
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PatternFragmentConstructor
Describes how to modify aWord in a phrase. This is a pattern-building











This is a single entry in a binary tree ofPatterns which is used to process user responses.
It contains information on how to construct the current pattern, as well as which Patterns
to move on to, based onwhether or not the user response matches at this point.






A string ofWordDescriptors representative of a syntactically valid phrase. A Base
Phrase and a PhraseDescriptor contain all the information necessary to create a syntacti







This models everything that the system knows
about a specific semantic model phrase
- what
base phrases may be used in it, how to translate





















This object contains everything necessary to diagnose responses for a particular
PhraseModel. It knows how to build the translation phrase, and holds the root
pattern of the diagnosis tree.
User
This may eventually be a composite object, but at this level of the design it works fine as a
base object. This represents everything that needs to be known about a given user
- the login
name, the user type (student, system designer, teacher), etc.
UserList
This object represents all the valid users who can log onto the system.
0-n
User
Word This is an actual text word which can be printed to the screen or used to build phrases.
WordDescriptor
A collection of attributes which specify what derivative of a word is needed.
(Not the rules, just the attributes, e.g. 'plural', 'present tense', etc.)
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4.2.2.4.2. Begetter Graphs





A BasePhraseTranslator creates a BasePhrase in the opposite language.




Given desired featured information, the DictionaryEntry will create the
appropriate derived form of the desired word.
Log The Log creates individual entry objects.
LogEntry
38
A Session creates objects to represent the current User, current session




The TranslationTree destroys the translated BasePhrase when finished.
PhraseModel The PhraseModel destroys the presentation phrase once the exercise is
completed.
Phrase
TranslationTree The TranslationTree destroys the user response phrase once it is
finished.
Phrase
PatternNode The PatternNode destroys the dynamically created pattern once it




Each object is described individually below. They appear
in alphabetical order.
4.2.2.5.1. BasePhrase
The essential role of this object is to specify a semantically
valid phrase. Most
likely not syntactically correct.
4.2.2.5.1.1. Responsibilities




- The Dictionary identifiers for the base words in this phrase.
length - The number of words in this phrase.
active




- Used when building syntactically correct
phrases to obtainwords.
set_active(know_level)
- Sets the active flag if the vocabulary in this phrase is
within the user's knowledge level.
4.2.2.5.2. BasePhraseList
The essential role of this object is to collectBasePhrases of like lengthwhich can
be made syntactically valid by application of the same Phrase Descriptor
4.2.2.5.2.1. Responsibilities
collect, and allow selection of a random BasePhrase.
4.2.2.5.2.2. Attributes
phrases
- The collection of BasePhrases whichmake up this list.
size
- The number of phrases in this list.
selected
- An indication ofwhichBasePhrases have been used in the current ses
sion.
active - a flag which indicates whether or not any of the phrases in this list are




gets random base phrase from list.
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reset_selections()
- Clean the slate of phrases marked as 'used'. Done to start
over after all have been used.
set_active(know_level)
- Sets the active flag if any of the BasePhrases in this
list are within the user's knowledge level.
4.2.2.5.3. BasePhrasePool
The essential role of this object is to collect all BasePhraseLists containing Base
Phrases of the same length, andwhich can bemade syntactically valid by applica
tion of the same PhraseDescriptor. Note that this is very similar to the BasePhra
seList. The reason that they both exist is that different subsets of the
BasePhrasePool (i.e. BasePhraseLists)may be applicable to different PhraseMo-
dels, and are then gathered into BasePhrasePools.
4.2.2.5.3.1. Responsibilities
collect, and allow selection of a random BasePhrase.
4.2.2.5.3.2. Attributes
phrase_lists
- The collection of BasePhraseLists which make up this pool.
size - The number of BasePhraseLists in the pool.
depleted - An indication ofwhich BasePhraseLists have been exhausted in the
current session.
active - a flagwhich indicates whether or not any of the lists in this pool contain
phrases which are within the user's knowledge level.
4.2.2.5.3.3. Actions
get_base_phrase()
- returns random base phrase from pool.
reset_selections()
- Clean the slate of BasePhraseLists marked as "depleted".
Done to start over after all have been used.
set_active(know_level)
- Sets the knowledge level of the system tomatch that
of the current user.
4.2.2.5.4. BasePhraseTranslator
The essential role of this object is to specify the ruleswhich describe how to trans
late a specific BasePhrase associated with a specific PhraseModel.
4.2.2.5.4.1. Responsibilities
translate a BasePhrase, into a BasePhrase of the other language.
4.2.2.5.4.2. Attributes
rules
- a set of translation actions, specificallydesigned to translate aBasePhrase
from one language to the other, (e.g. thismay involve adding or deletingwords,




- returns the translation.
4.2.2.5.5. Dictionary
The essential role of this object is to represent the system's vocabulary
- all the
words that the system knows.
4.2.2.5.5.1. Responsibihties
service requests for forms of BaseWords.
4.2.2.5.5.2. Attributes
entries - the collection of individualDictionaryEntrieswhichmake up theDic
tionary.
4.2.2.5.5.3. Actions
get_word(word_identifier, WordDescriptor) - returns the derived form of the
indicated word, as specified by the attributes in theWordDescriptor.
4.2.2.5.6. DictionaryEntry
The essential role of this object is to represent a given word in the dictionary. It
represents all that the dictionary knows about a single base word (including how
to construct other forms of the word, etc.)
4.2.2.5.6.1. Responsibilities
service requests for information or derived forms ofBaseWords.
4.2.2.5.6.2. Attributes
word_identifier - Auniquekey used to identifywords in the dictionary, and rep
resent them elsewhere in the system.
word_attributes
- The attributes of a word which are pre-defined, such as the
gender of a given noun.
derivations - The derived variations of the base word.
4.2.2.5.6.3. Actions
derive_word(WordDescriptor) - Applies necessary morphological rules to re
turn the derived form of theword as specified by the attributes in theWordDes
criptor.
get_identifier()
- Return the word's key.
4.2.2.5.7. DynamicWordDescriptor
The essential role of this object is to facilitate the propagation ofword attributes
for words which must agree with one another.
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4.2.2.5.7.1. Responsibilities
Accumulate attributes and resolve dynamic attributes for individualWords.
4.2.2.5.7.2. Attributes
word_attributes - The list of attributes (gender, etc.) whichmay need to agree.
4.2.2.5.7.3. Actions
get_attributes()
- Return the current set of attributes.
resolve_dynamics(Word)
- Get any needed attributes from the input Word.
4.2.2.5.8. Hint
The essential role of this object is to assist the student when asked, or in certain
error cases. It is basically a block of text, associated with a given Pattern.
4.2.2.5.8.1. Responsibilities






display self to screen.
4.2.2.5.9. Log








- the number of log entries being stored.
entries
- the list of log entries.
current_data







- the log will keep
track of some data which does not
change on an entry-to-entry basis, e.g. current_user)
manipulate_entries(commands)




The essential role of this object is to capture a significantpiece
ofdata for further
review. Therewill be various forms of log entries, with data
specific to the type
of incident being logged.
4.2.2.5.10.1. Responsibilities





- Identifies the incident-specific data format below.
username
- The current user at the time the data was logged.
date_time - Date/time stamp, when the incident occurred.
model
- The PhraseModel which was being used at the time.
type-specific_data - The information which will be significant to the system
administrator/designer who will be reviewing it.
4.2.2.5.10.3. Actions
print()




This is a Phrase that contains wildcards.
4.2.2.5.11.1. Responsibihties
Canmatch itself against a Phrase.
4.2.2.5.11.2. Attributes
fragments - the string of words and/or wildcards which comprise the phrase.
size
- the number of fragments in this pattern.
4.2.2.5.11.3. Actions
match(Phrase)
- Return success or fail depending on whether or not the input
Phrase is matched by this pattern.
get_word(position)
- Return theWord at the specified position.
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set_word(position, Word) - Defines theWord at the specified position.
4.2.2.5.12. PatternConstructor
The essential role of this object is to generate a pattern from a given phrase. It
may containPatternFragmentConstructors formore detailed pieces usingWords.
4.2.2.5.12.1. Responsibilities
build Pattern from Phrase.
4.2.2.5.12.2. Attributes
rules - the steps needed to convert the expected Phrase form to a Pattern.
4.2.2.5.12.3. Actions
build_pattern(Phrase) - modify the given text phrase to get a pattern with wild
cards.
4.2.2.5.13. PatternFragmentConstructor
The essential role of this object is to generate a pattern fragment from a given
Word. It contains rules specifying howmuch of theword to use, whatwild cards
to inject, etc.
4.2.2.5.13.1. Responsibilities
create pattern fragment from Word.
4.2.2.5.13.2. Attributes
rules - a set of actions specifically designed to change a given Word. It may







The essential role of this object is to recognize and handle a specific type of error
in a student's response. Itwill be a single entry in a binary tree ofPatterns which
support a given PhraseModel. It contains information on how to construct the
neededmatching Pattern, as well as which PatternNodes tomove on to, based on
whether or not the user response matches at this point.
4.2.2.5.14.1. Responsibilities
diagnose and act on a student's response.
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4.2.2.5.14.2. Attributes
pattem_descriptor - APatternConstructorwhichdescribes how to construct the
actual current Pattern (complete with wildcards, etc.) from the translation
phrase.
hint - The hintwhich can be given if the user inputmatches this pattern (note,
theuser's inputis already incorrect, ifthe system has reached
thepoint ofmatch
ing against patterns.)
match_pattern - The nextPatternNode to try if the user inputmatches thecurrent
pattern and the user wants further diagnosis.
no-match_pattern - The nextPatternNode to try if the user input does notmatch
the current pattern (the system must keep trying.)
4.2.2.5.14.3. Actions
process_response(expected_response, actual_response)
- builds the necessary






sponse(), but follows thematch PatternNode path at the user's request for addi
tional hints.
4.2.2.5.15. Phrase
This is an actual semantically and syntactically correct text phrase which can be





size - the number of words in this phrase.
words
- the string of words which comprise the phrase.
4.2.2.5.15.3. Actions
print()
- Print self to screen.
read()
- Read a phrase from the user.
get_word(position)
- Return theWord at the specified position.
set_word(position, Word) - Defines theWord at the specified position.
4.2.2.5.16. PhraseDescriptor
The essential role of this object is to specify the syntactic requirements ofa given
Phrase. A BasePhrase and a PhraseDescriptor contain all the information neces
sary to create a semantically and syntactically correct text Phrase.
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4.2.2.5.16.1. Responsibilities




theWordDescriptor for constructing eachword in the de
sired phrase.
size
- the number ofWordDescriptors in this PhraseDescriptor.
fill-in_order - The order inwhich to generate the resulting Phrase, so thatwords
that must agree with each other do.
4.2.2.5.16.3. Actions
build_phrase(BasePhrase)
- Constructs the syntactically correctphrase from the
semantically correct BasePhrase.
4.2.2.5.17. PhraseModel
The essential role of this object is to model everything that the system knows
about a specific semanticmodelphrase
-
whatBasePhrasesmay be used in it, how
to translate it, how to parse and diagnose the user's response, etc.
4.2.2.5.17.1. Responsibilities
construct and process an exercise based on this model.
4.2.2.5.17.2. Attributes
active - a flag which indicates whether or not this model is within the current
user's knowledge level.
pool - The BasePhrasePool which this model can draw from.
fixed_phrase_descriptor - ThePhraseDescriptorwhichcontains the constant at
tributes.




- Sets the knowledge level of the system to match that
of the current user.
do_exercise()
- Chooses random BasePhrase, constructs semantically correct
phrase for user, reads user response, gives to pattern tree for diagnosis.
reset_depletions()






The essential role of this object is to collect all the semantic model phrases (plus
associated exercises, etc.) which the system currently supports.
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4.2.2.5.18.1. Responsibihties
coordinate exercises from different PhraseModels.
4.2.2.5.18.2. Attributes
models
- the collection of PhraseModels which make up the list.
size - number of PhraseModels in the list.
depleted - indicates whichPhraseModels have been
"depleted"
(i.e. all vocabu
lary selections used in the current session).
4.2.2.5.18.3. Actions
set_activeOmow_level)
- Sets the knowledge level of the system tomatch that
of the current user.
do_exercise()
- Chooses a random model for a single translation exercise to be
asked of the user.
reset_depletions()




The essential role of this object is to do run-time statistics gathering and proces
sing.
4.2.2.5.19.1. Responsibilities
gather, summarize, and print statistics.
4.2.2.5.19.2. Attributes
various run-time data counts (e.g. number of exercises attempted)
4.2.2.5.19.3. Actions
update_counts(new counts)
- Increment run-time data counts
print_summary()
- Make any statistical conclusions and print.
4.2.2.5.20. TranslationTree







- This is the PatternNode which represents the root of the binary
diagnosis tree.
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base_phrase_trans - This is the BasePhraseTranslator which generates the se
mantically (but probably not syntactically) correct expected response.
phrase_descrip
- This is the syntactic information for the expected response.
4.2.2.5.20.3. Actions
check_response(base_phrase)
- Performs all of the above responsibihties.
4.2.2.5.21. User
The essential role of this object is to represent andmaintain all that is known about






- The user's full name.
know_level - The student's former (or current, if logged in) knowledge level.
user_id
- The login name of this user.
user_type









- See if the input id matches this user's.
get_user()
- Returns the userjd of this user.
4.2.2.5.22. Userlnterface
The essential role of this object is to centralize all I/O in order tomaintain aconsis
tent external interface, and to facilitate future upgrade to a more elaborate inter
face.
4.2.2.5.22.1. Responsibilities





- Read a user's translation attempt.
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print_menu()
- Offer a menu of choices to the user.
get_menu_response()
- Read a user's menu choice.
4.2.2.5.23. UserList
The essential role of this object is to represent andmaintain all the valid userswho
can log onto the system.
4.2.2.5.23.1. Responsibihties






the collection ofUser objects whichmake up the list.
size
- the number of users currently authorized.
4.2.2.5.23.3. Actions
establish connection()
- Accepts an attempted login, vahdates that login name
is in list, if student, queries knowledge level.
add_user()
- Creates a new User object, and adds it to the collection.
delete_user(User) - Deletes a User object from the collection.
4.2.2.5.24. Word
This is an actual derived word which can be printed to the screen. Note that a
BaseWord andWordDescriptor fully specify a givenWord.
4.2.2.5.24.1. Responsibilities
Maintain the text of the word and pertinent attributes.
4.2.2.5.24.2. Attributes
string
- the string of characters which comprise the word.
word_attributes
-
saved along with the string for when another object needs to
know.
word_identifier
- the dictionary key for this word.
4.2.2.5.24.3. Actions
print()
- Print self to screen.
4.2.2.5.25. WordDescriptor
The essential role of this object is to specify the attributeswhich indicatewhat de




create derivedWord from BaseWord.
4.2.2.5.25.2. Attributes
word_attributes - these are specific to different types ofwords, for instance, a




returns TRUE or FALSE depending on whether or not all of
the attributes in the descriptor are specified.
resolve_dynamics(DynamicWordDescriptor) - Attempts to define any unspeci
fied attributes by using those in the input descriptor.
get_attributes()
- return the attribute settings.
set_attributes(attributes)
-
set the explicitly specified input attributes.
4.2.3. CRC: Class-Responsibility-Collaboration Design
TheCRCmethod is sometimes referred to as the 3Wmethod, in reference to the authors
Wirfs-Brock, Wilkerson andWiener [Wirfs-Brock,1990]. This method can be sum
marized as the following:
Identify the Classes in the system. This consists of further refinement and defi
nition of the objects identified during the JOOA process.
Determine the Responsibihties of each class. This is the continuing, iterative
arbitration of responsibilities between the different classes.
Determine which, and how, objects of these classes Collaborate with others.
This is done in conjunction with the arbitration process, determining how
classes interact, andwhat capabilities are provided to others, as the responsibili
ties stabilize. Classes may be grouped into functional subsystems, as well.
4.2.3.1. CRC terminology
Refer also back to section 4.2.2.1. for JOOA terminology, if needed.
3WMethod - The design methodology described byWirfs-Brock,
et al. [Wirfs-Brock, 1990] (aka CRC Method).
Class - This is a template or description ofa type of object. A class
describes all of the data and actions that an object of that class
would have. Instances of a class are the actual objects.
CRC Method - Class-Responsibility-Colaboration
-
the design
methodology described by Wirfs-Brock, et al.
[Wirfs-
Brock, 1990] (aka 3WMethod).
Contract - The set of responsibihties which one class (server) pro
vides for another class (client). The contract typically
repre-
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sents the set of member functions used by a client class, and it
should be noted that a given class can be both a client and a serv
er (to the same or different classes).
Inheritance - A class is said to
"inherit"
from another classwhen its
definition is based on the first class, and as a result, it picks up
some of the same attributes or functions . The classwhich inher
its is referred to as aDerivedClass, and the class it inherits from
is referred to as a Base Class.
Inheritance Graph - This is the pictorial representation of classes
which inherit attributes or functionality from other classes. A
darkened comer on a class box indicates that it strictly exists to
be inherited from, and that no actual objects of that class will





- In this context, this refers to the responsibihties
delegated to particular classes.
Collaboration - The way in which different classes work together
to get the overall job done.
Subsystem - Alogical collectionofclasseswhich, from someclient
perspective, can be considered as being a single object.
4.2.3.2. Subsystems (in alphabetical order)
4.2.3.2.1. Dictionary Subsystem
4.2.3.2.1.1. Purpose
Supplies words to the rest of the system.
4.2.3.2.1.2. Classes Used
Dictionary, The derived classes of DictionaryEntry - DE_Noun, DEJVerb,
DE_Adjective, DE_Article.
Responsibility Delegated to
Get a specified word Dictionary
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BasePhraseTranslator, TranslationTree, PatternNode, Hint, PhraseDescriptor.
Responsibility Delegated to
External interface, collects and organizes all exercise PhraseModelList
support
A single phrase or sentence form, exercises and diagnosis PhraseModel
Supplying a random BasePhrase from multiple lists BasePhrasePool
Supplying a random BasePhrase BasePhraseList
Semantically correct vocabulary information BasePhrase
Supplying a BasePhrase of the opposite language BasePhraseTranslator
Construction of expected response and initial diagnosis TranslationTree
Subsequent diagnosis PatternNode
A clue to the discrepancy at a given level Hint
Syntactically correct model information PhraseDescriptor
4.2.3.2.3. Log Subsystem
4.2.3.2.3.1. Purpose
Storing, viewing and manipulating run-time gathered data.
4.2.3.2.3.2. Classes Used





Store and manipulate a specific data record LogEntry
(and derived classes)
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4.2.3.3. Classes (in alphabetical order)
4.2.3.3.1. BasePhrase
4.2.3.3.1.1. Purpose
Specifies a semantically valid phrase.














Collects BasePhrases of like length which can be made syntactically valid by











Collects all BasePhraseLists containing BasePhrases of the same length, and













Specifies the rules which describe how to translate a specific BasePhrase










Represents the system's vocabulary









Represents a given word in the dictionary. It represents all that the dictionary










- Return the word's key. none
4.2.3.3.6.4. Notes















Assists the student when asked, or in certain error cases. It is basically a block
























Captures a significant piece of data for further review. There will be various



















This is essentially a Phrase that contains wildcards, and












Generates a pattern from a given phrase. It may contain
PattemFragmentCon-













Generates a pattern fragment from a given Word. It contains rules specifying













Recognizes and handles a specific type of error in a student's response. Itwill
be a single entry in a binary treeofPatternswhich support a givenPhraseModel.
It contains information on how toconstruct theneededmatchingPattern, as well
aswhich PatternNodes tomove on to, based on whether or not the userresponse


















This is an actual semantically and syntactically correct textphrasewhich can be



















Specifies the syntactic requirements of a given Phrase. A BasePhrase and a
PhraseDescriptor contain all the information necessary to create a semantically












Models everything that the system knows about a specific semantic model
phrase - what BasePhrases may be used in it, how to translate it, how to parse





















Collects all the semantic model phrases (plus associated exercises, etc.) which






















































Centralizes all I/O in order tomaintain a consistent external interface, and to fa-























This is an actual derived word which can be printed to the screen. Note that a














Specifies the attributeswhich indicatewhat derivative ofaBaseWord is needed.




















































(Numbers refer to Collaboration Graphs above.)
1. Get word from dictionary.
2. Set active knowledge level, do exercise.
3. Set current session information, log data, view data, generate report.
4.2.3.5.2. Class Contracts in Subsystems
(Numbers refer to Collaboration Graphs above.)
1 . Dictionary
1.1 Get word from dictionary.
2. DictionaryEntry
2.1 Get index, derive word.
3. PhraseModelList
3.1 Set active knowledge level, do exercise.
4. PhraseModel
4.1 Set active knowledge level, do exercise, reset depletions
5. TranslationTree
5.1 Check student response.
6. PatternNode
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8.1 Set active knowledge level, get BasePhrase, reset selections.
9. BasePhraseList














DE Noun DE Verb ... DE *
T LogEntry
O
LE Statistics LE LeafNode LE
4.2.4. Degree ofAnalysis and Design Goal Satisfaction
The designwas completed anddocumented in anobject-oriented fashion. What is doc
umented here is the result ofmany iterations. The design supports all of the specified
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functionality, and the C++ implementation was fairly straightforward. It is not clear
that all of the touted benefits of object-oriented design have been realized. It is quite
modular, and as intuitive as the chosenparsing algorithms allow it to
be. Itwould seem
to lend itself to enhancement. Reusability (or lack thereof) is one areawhere the
design
may fall short. Along the way, decisions were made on what responsibilities objects
would need to support, and what the division of objects would be. Itwas not until the
implementation phase, though, that the pervasiveness of some of the concepts of the
system were appreciated. The knowledge level, for instance, touches nearly every ob
ject in oneway or another. Itwouldhave beennice to isolate such tutoring system-spe
cific needs from the genericword, phrase, etc., processing. TimNichols,whopromotes
the JOOAmethodology, advises beginning object designers to tackle a project strictly
as a learning exercise, and then, once it reaches the implementationphrase, scrap it en
tirely and chalk up the time to the design learning curve. Itwould be nice to have that
luxury, because a new design would surely come out much cleaner.
4.3. Knowledge Base Design
Itwas a design goal for this system to support the gathering ofdatawhich would allow
its diagnosis ability to be improved. Since this is the best way to find outwhat type of
responses will be encountered, it is not unlikely that, over time, the internal knowledge
base reflectmore of this feedback than of the original design. This is not unreasonable,
or unexpected, but it is still necessary to put in place an initial knowledge base from
which to work. This involved identifying several things: the phrase/sentencemodels
to be supported, the vocabulary to be supported for different levels, the types oferrors
which the system would be able to diagnose for a givenmodel, and the processing de
tails to support thedifferent types oferrors . The following sections describe theprocess
of establishing the initial knowledge base and knowledge-specific processing.
4.3.1. Knowledge Base Design Goals
As alluded to above, the primary goal of the initial knowledge designwas to put some
thing in place which would allow the system to be demonstrated, run, and capable of
gathering data for future enhancement. Itwas also a goal to have the diagnosis be cor
rect (for those errors handled), and for multiple levels of user knowledge to be sup
ported.
4.3.2. Phrase Model Selection
As stated earlier, this incarnation of the tutoring system is highly tied to a specific text
book. It was also decided that "chapter
completed"
would be a reasonable definition
ofknowledge level, at leastfor thepurpose ofimplementing the prototype system. The
textbook chosen was German Made Simple [Jackson, 1985]. This choice was made
for several reasons. Itwas the textbook for two introductoryGerman courses taken as
information gathering for this project. Thismade it a commondenominator for the sys-
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tern designer, the course instructor, who served as one of the expert consultants for the
system, and for former classmates from those classes who acted as a test audience for
the system.
The selection of the phrase models implemented resulted from identifying the various
models introduced in early chapters of the text, and narrowing it down to a few which
illustrated important features of the system. The random selection ofmodels and vo
cabulary is illustratedmerely by having enough different choices built in to the initial
knowledge base. Other features are described in the sections below.
4.3.3. Vocabulary Selection
Vocabulary selection was fairly straightforward, once phrase models were selected.
Each chapter introduces a finite set ofvocabulary. Valid vocabulary choices for the dif
ferent phrase models were compiled from each vocabulary set. The knowledge level
associated with an exercise becomes the higher of the phrasemodel (chapter in which
the sentence formwas introduced) and the highest level ofany individualword (chapter
in which thatword was introduced). This allows older (lower level) vocabulary to be
used inmore advanced phrasemodels, andmore advancedvocabulary to be used in the
earher phrase models.
4.3.4. Base Phrase List and Pool Compilation
This is an offshoot of the vocabulary selection process. Since some phrase models
share common lengths and word types, some base phrases can be shared betweenmod
els. Conceptually, eachmodel could have a single list, but in some cases, only aportion
of that list is valid for another phrase model. The added layer of the pool supports all
of the choices for a given model, and the list is the mechanism for sharing subsets of
choices between models. A given base phrase should only appear in a single list. If
a situation arises, where a base phrase appears to be needed in more than one list, this
indicates the need to break up the lists.
4.3.5. Diagnosis Tree Design
This is done on a per-phrase model basis. The types of errors to be diagnosed for the
givenmodel are identified first. These come from the topics covered in the textwhere
this phrase form is introduced, from previous concepts introduced, from predicting po
tential incorrect responses, andwill be verified and enhanced by run-time information
gathering. An example individual diagnosis tree is described in section 4.3.5.2.
4.3.5.1. Documentation Convention
As notational shorthand, several pieces of information are represented in the "Errors
Diagnosed"
section below. The emboldened hnes indicate the specific concepts which
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are tested by the givenmodel. The indentation represents the sequential nature of the
diagnosis, using thebinary tree. For example, in section4.3.5.2.2. below, itcan be seen
that it is first established that something is wrong with the firstword, then
established
whether or not it is a gender-agreement problem. With some imagination, the binary
tree can be visualized. Startingwith any line, a left branch (the no-match path) can be
taken by failing down to the next line which is at the same indentation level. A right
branch (thematchpath) can be taken by going to the next contiguous line of increasing
indentation. If there is no linewith the same indentation level to fall to, the current line
represents a left leafnode, and if there is no contiguous line ofgreater indentation, the
current line represents a right node. The path followed on the way to an emboldened
line indicates the diagnosis of a particular concept. The path which can be followed
from an emboldened line, if any, indicates furtherdiagnosiswhich the system is capable
of (typically for giving the user hints).
4.3.5.2. Example Diagnosis Tree
4.3.5.2.1. Form ofModel
The phrase representedby this model is acomplete sentence taking the form "direct
article, singular noun, present tense verb, adjective".
Knowledge level of model - 2.
Example phrase - The man is good.
Expected response - Der Mann ist gut.
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4.3.5.2.2. Error Tree
Firstword is different from expected
Gender of article does not agreewith noun
Gender variation 1 (see section 4.4.2.2.)
Gender variation 2
Expecting a direct article
Second word is different from expected
Noun is not capitalized
Synonym of noun used
Third word is different from expected
Tense of verb is incorrect
Synonym of verb used
Fourth word is different from expected
Synonym of adjective used
First and second words different from expected
Synonym of noun used
4.3.5.2.3. Notes Concerning This Model
Note that use of a synonym for the noun appears twice in the diagnosis hierarchy.
This is because an incorrect (or synonymous) noun may be of a different gender,
which might also cause the article to be different from that expected. The types of
errors initially diagnosed are taken from the text. Feedback from the system's run
time gathered data may lead to enhancements of the tree.
4.3.6. Degree ofKnowledge Base Design Goal Satisfaction
The initial knowledge base, illustrated by the sample system runs in the thesis report,
supports all of the proposed features of the system. It provides a base for information
gathering, and future enhancement shouldmerely involvemore of same process, with
increasing numbers of selection choices.
4.4. Implementation
The system was implemented in C++. Prolog and C were used for earlier prototypes,
and avariety of logic, patternmatching and object-oriented languageswere considered
for the actual thesis project. A language which supported object-oriented constructs
was selected in order to ease the implementation of the object-oriented design. With
out arguing the relative merits
of the various object-oriented languages (or, for that
matter, the merits of
"pure"
object-oriented languages versus hybrid languages), it is
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safe to observe that C++ is becoming the defacto standard for commercial object-ori
ented implementations. It's availability on awidevariety
ofplatformswas amajor fac
tor in Cadre Technologies decision to choose C++ for their object-oriented re-imple
mentation of the popular Teamwork CASE tool [Wybolt-1990].
The tutoring system was implemented on Sunworkstations, running
SunOs v4. 1, and
compiled using Sun C++ v2.1.
4.4.1. Implementation Goals and Methodology
The primary goal of the implementationwas to produce a
functional system which dis
played thepromised functionality,withoutdeviatingdrastically from thedesign as doc
umented here. Themethod was an incremental approach. The Session agent was im
plemented as an empty driver only. Establishing a connection with the user, doing
exercises, and logging run-time datawere all stubs. Objects were coded one at a time,
top-down, and placed in the system with the necessary stubs to allow it to be tested.
As knowledge base objects were added, theywere hard-codedwith themostprimitive
amount of data to allow it to be used by the rest of the system. A major milestone in
the implementationwas the pointatwhich the entire functionalpathofthe system could
be executed - login, exercise, diagnosis, data logging, logout. At that point the effort
turned mainly to the addition ofmore and different knowledge.
4.4.2. Implementation Overview
One important detail that was deferred until the late design and early implementation
phase was the actualmethod to be used for constructing the dynamic patterns needed
for the binary diagnosis tree. In the analysis and design phases, this was represented
by the PatternConstructor class/object, without specifying a great deal of detail about
how the different and specific pattern needs would be handled. Early in the imple
mentation phase, thiswas an object, but it quickly became apparent that itdid notreally
meet the definition of an object. An object generally has a state, some data, and some
things that it can do to/with that data. With the PatternConstructor, there was no clear
way to have both data and a function. The pattern construction rules were not generic
enough to permit them to bemember data, used by a generic pattern building member
function. The second approachwas tomake the PatternConstructorsmember functions
of the PatternNode. Each Node would then know how to make the pattern it needed.
Thiswouldwork fine, but itwas also true that certainNodes, and evendifferentPhrase
Models, had a need for the same constructor in different places. Finally, then, the Pat
ternConstructors became utility functions. Each is implemented standalone, and Pat
ternNodes maintain a pointer to the PatternConstructor function which fits its need.
The function names are all prefixed with PC_ to indicate their use.
Besides just themanifestationof thePatternConstructorobjects or functions, itwas also
a late decision on how to actually implement the construction. This was a potentially
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messy programming area, and it was fundamental to the pattern masking diagnosis
technique to be able to abstract this. The solution involved using the standard library
function regexp(), and implementing pattern constructors which built patterns which
were regular expressions. The actual pattern constructors are surprisingly small, most
taking no more than a few lines of code. Two examples are included here to illustrate
the implementation.
4.4.2.1. Pattern Constructor - Unexpected Word
Various static pattern fragments orregularexpressions are defined externally tobe used
by phrase constructors, as needed. This constructor has a need for a
match-a-single-
word wildcard, so it uses the following:
typedef char * pattern_fragment;
pattern_fragment any_word = "[a-zA-Z][a-zA-Z]*";
The following is the complete constructor functionwhich generates the pattern to de
termine if the second word of a phrase is different from what was expected.
Pattern PC_unexpected_second_word(Phrase & in_phrase)
{
Pattern new_pattern = in_phrase;
Word new_word;
new_word . set_string(any_word);
new_pattern.set_word(2, new_word); // First argument is word
// position in Phrase.
return(new_pattern) ;
The creation ofnew_patternworks, because the Pattern object has a constructor which
tells it how tomake aPattern from aPhrase. The pattern created is a regular expression
which can be matched against the student response.
4.4.2.2. Pattern Constructor
- Gender Variation
This example does not use any pre-defined pattern
fragments. It illustrates a pattern
constructor which uses the dictionary to create avariation of the expected phrase. This
type ofpattern is typically used in the treewhen it
is trying to isolate or diagnosis a po
tential anticipated error.
Pattern PC_first_gender_var_first_word(Phrase & in_phrase)
{
Pattern new_pattern = in_phrase;
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Word old_word = in_phrase.get_word(l); //Argument is word
// position in Phrase.
WordDescriptor new_word_WD(old_word);
int word_identifier = old_word.get_index();
Gender new_gender = new_word_WD.get_gender();
new_gender = (Gender) ((((int) new_gender) % (G_none-l)) + 1);
new_word_WD.set_gender(new_gender);




This function could no doubt use a bit more explanation than the previous, but really
it is not doing anything too difficult. This is one of themost complex pattern construc
tors in the system currently.
As in theprevious example, the initial pattern is merely the inputPhrase. The function
then gets the current first word from the input Phrase. AWordDescriptor is created
from this word (theWordDescriptor containing the feature attributes of the word), and
the integer word identifier is obtained. (A word identifier and aWordDescriptor are
the two things necessary for getting words from the dictionary. The final piece of set
up involves getting the currentGender setting from theWordDescriptor. TheGender,
and most attributes, are simply enumerated constants which represent the various val









The next cryptic-looking hne in the example function is just calculating, what is inter
nally known as, the first gendervariation. It amounts to the next gender settingmodulo
the valid value. If the input genderhad beenmasculine, the new genderwould be femi
nine. If the input gender had been neuter, the new gender would be masculine. This
new gender attribute is then set in theWordDescriptor, and the dictionary is called on
to supply the new derived form of the indicated word. This new word is set in the pat




5.1. Problems Encountered and Solved
Some implementation and portability problems were experienced. The standard li
brary regular expression functions (regexp(), etc.), work as documented under Sun
C++ v2.1, but do not compile properly under AT&T C++ v2.0. This was resolved in
the simplestway
- Sun C++ was used instead ofAT&T C++. Problems were also en
countered with the standard library time() function. This is used to seed the pseudo
random number generator for selecting phrasemodels and vocabulary. Under certain
circumstances, invoking time would cause a segmentation fault. This turned out to be
just a user error of passing an uninitialized pointer to the function, illustrating that it
is just as easy to have pointer problems in C++ as itwas in C. A final implementation
problem involved getting dynamic binding to work. This is done with a compiler
switch, but because ofmy date-dependent build procedures Iwas attempting to use the
feature when not all modules had been compiled for it.
One problem whichwas wrestled with off-line was the issue of representingmodified
vowels, for example the u-umlaut in "grun". This problem is obviously not unique to
translation programs. It is also an issue in areas where German is the first language,
in relation to computers andvarious printmedia. For computers that support "compose
character", and display screens that support special characters, the actual modified
vowel could be displayed. However, "compose
character"
is not a friendly operation
for the user who must type it. There are three alternative conventions which can be
used. The first approximates the umlautbypreceding themodifiedvowelwith adouble
quote, e.g. gr"un. The second approximates the umlaut as if itwas rotated 90 degrees
clockwise, by following the vowel with a colon, e.g. gru:n. The third, andmost gener
ally accepted convention, is to append an
'e'
to the modified vowel, e.g. gruen. This
convention was chosen, but in demonstrating the system, and explaining the problem,
a number ofusers expressed a preference for the second convention. This issuemight
bear re-visiting in a future version (see section 5.3.1., below).
5.2. Discrepancies and Shortcomings of the System
The system demonstratesmost of the functionality described earlier in this report. One
notable discrepancy is that, currently, the system only translates in one direction. It
presents phrases inEnglish, and reads and diagnosesGermanphrases. It is not believed
that anymajor concepts were
missed by implementing only a single direction, in fact,
since the system attempts to diagnose German phrases, itmust deal with language at
tributes, such as nouns with gender, which it
would not have had to do in the opposite
direction.
The user interface ismentioned below as an areawhere future enhancement is possible.
It is worth noting as a discrepancy, also,
that the current user interface is a bit fragile.
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Unexpected input, such as escape sequences, will crash the system. A control-C se
quencewill abort the program. Itwould be desirable to prevent these situations so that
the current run-time data log is not lost. From a user-friendliness standpoint, the
user-
interface exhibits a few otherundesirable actions. Afterabadmenu selection, themenu




is not implemented at the phrase
prompt - the usermust answer incorrectly in order to see a menu of options. Finally,
when asking for subsequenthints after an incorrectresponse, it is possible for the user's
response to scroll off the screen (making it impossible for the user to refer back to it).
None ofthese problemswould be difficult to fix, but theywere dropped as lowerprior
ity issues when time got tight.
Earlier in the report, synonyms were mentioned in the context of a translation tree. It
was originally intended that the system would support some degree of alternative
translation. Fundamental to this would be the ability of the system to handle synony
mous words. This capability, however, did notmake it into the prototype system. One
means for handling this, would be to have the Word object maintain a data element
which indicates synonyms (e.g. via word indices).
Several of the report-generation and filemanipulation options shown in the system ad
ministration menu in the Sample Runs section are stubbed. The log file, however, is
created, and the
"view"
options function as illustrated.
Additional capability needs tobe added to the currentDictionaryEntry types . Theverb,
for example, is basically stubbed. Itwould need to support additional tenses and varia
tions, in a similar fashion to the current article and noun objects. Also, certain word
types are not implemented at all, e.g. the adverb.
The final shortcoming which would prevent this system from truly being an effective
tutoring aid, for aclass such as the one onwhich itwas based, is its depth ofknowledge.
It requires the expansion of its knowledge base to cover at least a full semester's worth
ofvocabulary and sentence forms. This increase in scope and volumewould be neces
sary togive the tool some longevitywith the students, aswell as toprevent therepetition
of exercises too quickly
5.3. Suggestions for Future Work
The following subsections describe other less-essential enhancements, as well as pos
sible project offshoots.
5.3.1. Potential Enhancements
Incorporating the basic enhancements described in section 5.2.wouldmake the
system useful for a particular course with a particular textbook. It would be
nice, though, instead ofhard-coded patterns, vocabulary and knowledge level,
ifa teacherwould be able to customize the system to some extent (ideally,with-
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out re-compilation). One of the easiest variations of this capability would be
to allow the teacher to set the knowledge level for the vocabulary and sentence
forms. Thiswould allow the system's behavior tobe adjusted to adifferent text
book, or to a different resolution ofknowledge level (e.g. sectionswithin chap
ters, instead ofwhole chapters). Amore ambitious variation of this capability
would be to allow the teacher todefine new sentence forms, choose vocabulary,
and
"program"
the diagnosis by entering ormodifying diagnosis trees. These
capabilities could be implemented as a new type ofuser. Besides
"student"
and
"system administrator", there might then also be "teacher".
Neither the documentation conventions in this report, nor the actual source
code, are particularly user-friendly ways to view and study the diagnosis trees.
A feature which would be useful for future development, and mandatory for
adding teacher-configuration features, is a pattern tree browser. This would
allow an interactive user to display and traverse the various pattern trees which
the system supports internally.
A possible enhancement to improve the system's value to students,might be to
examine including some lessonswhich relate to the concepts being tested/diag
nosed by the system. If a student has troublewith an exercise, the system could
offer a lesson on the concept involved (e.g. gender agreement) in addition to
its current options of a hint or the correct answer.
The user interface for the current prototype is neither flashy, nor robust. This
is an area where the system could be improved. The approach here could take
two separate tacks, the easier ofwhich being just a flashier front-end to make
the system appearmore professional or marketable. Amore substantial direc
tion, though, would be to research ways in which the user interface can be im
proved in order tomake the systemmore effective. This could encompass not
only the look and feel of the system, but also themanner inwhich exercises are
presented, the timing of presentation, and other factor's which would aid stu
dent comprehension.
Increased depth ofknowledge of the current languagewasmentioned as a basic
enhancement. This could also be a topic of advanced research, though. The
present system was specifically intended as a prototype, and specifically tar
geted at the beginning student. It remains to be seen towhat level the approach
could be taken, or if itwould fail to work for themore esoteric language issues
encountered.
If the currentprototype is to be expanded, itmightbearexamining the availabil
ity of other regular expression packages (besides the UNIX version which is
currently used). The main shortcoming
of the current package is that it does
not support alternation (the
"or"
function, or 'I'). Thiswould help tremendous
ly to improve the ease with which different diagnosis nodes could be incorpo
rated.
The system does not currently attempt to adapt its behavior based on a student's
history (previous executions of the system,
or earlier exercises in the current
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for example ifa certain type oferror ismade frequentiy. The sys
tem could then offer lessons, orchoose exercisewhichwillhelp to illustrate and
reinforce the concept.
Asmentioned earlier, therewas abitofan issue around the system's representa
tion ofmodified vowels (alternatives to using the umlaut). Three alternative
conventions were presented in section 5.1. It is not clear that changing the cur
rent approachwould be an enhancement, butwhatmightbewouldbe the ability
for the teacher to choose the convention which best suits the class. (This may
not be a hght undertaking, though, since it does have knowledge base and
translation implications).
5.3.2. Related Projects
This project, or selected concepts employed, could be applied to similar tutor
ing systems to support other languages. The current system could be expanded
to supportmultiple languages, but itis not clear that the amount ofcommonality
shared would justify the added size, complexity, and potential run time impact
ofcombining them. Perhaps a betterway to tie them together, ifdesired,would
be through the use of a common front-end interface program. It is anticipated
that that the concepts of this system would translate fairlywell to otherwestern
(i.e. right-branching) languages, but its applicability to eastern (i.e.
left-
branching) languages would need to be examined inmore detail.
The current system is fairly self-contained. While this works for the current
scope, or even for an enhanced system with a complete semester'sworth ofma
terial, itdoes not lend itselfaswell to some of themore advanced enhancements
suggested above. An interesting projectwould be to take the current system for
its core functionality, and attempt to integrate itwith external components, such
as a commercial dictionary, morphological processor, etc.
A final related projectmight be to incorporate this system into a larger,multi-
exercise system, or adding additional types of exercises to this system. This
might include expanding (or narrowing) the current type ofexercise to produce
others. For instance, an easy variationwould be the one-word phrase, amount
ing to avocabulary quiz exercise. Alternatively, the phrase translation exercise
could become one of multiple choices of types of exercises available.
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6. GLOSSARY
Some of the terms below, related to leaiTdng/teaching/tutoring with computers, are
used interchangeably by some authors. The definitions may be reversed by others. In
older research works, certain terms may appear because others had not yet been
introduced. The definitions below reflectmy usage, and will be consistent withmost
current writings in this area.
CAI - See Computer-Assisted Instruction.
CAL - See Computer-Assisted Learning.
CALI - See Computer-Assisted Language Instruction.
CALL - See Computer-Assisted Language Learning.
Computer-Assisted (or Aided) Instruction (CAI) - This typically refers to the use
ofcomputers and educational software as learning aids by students (See also CAL
and ITS).
Computer-Assisted (or Aided) Language Instruction (CALI)
- A subset of CAI,
specific to foreign language subjects.
Computer-Assisted (or Aided) Language Learning (CALL)
- A subset of CAL,
specific to foreign language subjects.
Computer-Assisted (orAided) Learning (CAL)
- This is the broadest category. In
addition to the use of computers and educational software as learning aids by
students (CAI), it includes the use of computers, educational software, and
general-purpose software by teachers as tools for class management, testing
and/or preparation of materials for students.
Drill-and-Practice - Amode of behavior for a CAI system in which it operates like
electronic flashcards. The system presents a problem, the student answers, the
system presents the next problem, etc.
Expert System - "... an intelligent computer program that uses knowledge and
inference procedures to solve problems that are difficult enough to require
significant human expertise for their solution. Knowledge necessary to perform
at such a level, plus the inference procedures used, can be thought of as a model
of the expertise of the best practitioners of the
field."
[Feigenbaum-1985]
ICAI - See Intelligent
Computer-Assisted Instruction.
ITS - See Intelligent Tutoring System.
Intelligent Computer-Assisted (or Aided) Instruction (ICAI)
- This term is a bit
blurry, and is not commonly used anymore. It
implies student- oriented software
that exhibits some degree of intelligence. It would presumably fit somewhere
between CAI and ITS.
Intelligent Tutoring System (ITS)
- A CAI system which in some way attempts to
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A. APPENDIX - USER MANUAL
A.l. Introduction
This manual describes the use of the German Language Tutoring system as a learning
and practice aid. The system allows a student to practice phrase and sentence transla
tion, and to receive some degree of assistance if needed. There are two categories of
users, the
"student"





features aredescribed in a sepa
rate System Administration Manual.
The tutoring system currently supports a single type of exercise - phrase translation.
After logging in (see section A.3.), the system will automatically begin presenting
phrases and sentences to be translated.
A.2. Input/Output and Documentation Conventions
A.2.1. Help
The most important command to remember, when working with the system, is "?".




key), at anytime that the
system is waiting for input, will cause it to print instructions about what is expected.
A.2.2. Examples in this Document
In examples here, anything typed by the computer system, will be shown in bold, and
anything thatwould have been typed by the userwill be shown in italics. For example:
System typed thia> user responded with this
A.2.3. Enter/Carriage-Return
As with many software packages, the German Language Tutor requires that the user




key. This signals to the computer that it should read whatwas typed, and in
terpret it. Before hitting
"Enter"









tion is often represented in documents as <cr> (short for carriage-return), so that the
above example might have been shown as:
System typed this> user responded with this<cr>
However, this looks cluttered after a while, so it should just be assumed that it is re
quired at the end of everything typed.
A.3. Getting Started
A.3.1. The Username
The system only allows vahdated
users to execute it. To become vahdated, you must




getwill be designated as
"student"
or "system administrator". Ifa userwishes to have





To start the tutoring system, type the command
'git'
(short for German Language Tu
tor). The system should display its start-upmessage and version number. Itwill
then
ask for a chapter number. The user should enter the highest chapter number completed
in the text. Thiswill prevent the system from using vocabulary or concepts
whichhave
not yetbeen taught/learned. If the "current
level"
(saved from aprevious login) is cor
rect, the
"Enter"
or "Return key alonemay be hit to remain at the same level. The fol
lowing example illustrates a valid login by the user with the username "ken":
sys27> git
German Language Tutor, version 1.0
If you are not sure how to begin, type "?".
Please login: ken
Enter highest chapter completed (currently 2) ? 3
Exercises will be limited to ahapter 3 and earlier.
You will now be asked to translate various phrases and sentences .
Note that a
"?"
may be entered if thismanual is not nearby, and the user needs refresher
instructions. If the system says that the username is incorrect, it should be checked to
see that itwas typed correctly. It shouldbe noted that the system is case-sensitive. That
means that
"a"
is not the same as "A". Usernames will typically be all lower-case. If
an incorrect username is entered three times, the systemwill give up and exit. The user
should check with the system administrator to determine what his or her correct user-
name is.
A.4. Doing Exercises
Once successfully logged in to the system, the translation exercises are automatically
entered. A phrase or sentencewill be presented, and the system willwait for a transla
tion. The following example shows a correct response:
Translate :
the water is fresh
A-2
to German:
das Wasser ist frisch
Yes ! That is the expected response .
If the response does notmatch what the system was expecting (and note, that this does
not necessarily mean that the translation is incorrect...), a list of options will be dis
played:
That is not the expected translation. Enter the number
indicating the action you would like to take:
1 - Try again.
2 Have the system give you a hint .
3 Have the system give you its answer.
4 Quit this exercise and go on to the next .
5 Exit the tutoring system.
6 - Help.
The system will wait for the user to enter the number of the desired choice. Different
lists of options may appear depending on the current scenario (for instance, if the sys
tem runs out of hints, selection 2 will not appear), but the above example shows most
of the options, and they are further described below.
A.4.1. Trying Again
If the option of trying again is chosen, the system will offer the same phrase, and wait
for another translation attempt. A usermay choose to do this if he or she realizes what
their initialmistake was, or to see if the correct answer can be reached by a little
trial-
and-error.
A.4.2. Receiving a Hint
Choosing to have the system give ahintwill cause the system to attempt furtherdiagno
sis of the response. Itwill attempt to give a clue aboutwhat waswrong,withoutreveal
ing the expected answer. Hints can be asked for repeatedly, and the systemwill attempt
to supplymore and more specific
clues. When the system runs out ofhints for a given
response, receiving further hints will cease to be
an option. The following example il
lustrates this process:
Translate:
the table is round
to German:
die Tisch ist rund
That is not the expected
translation. Enter the number
indicating the action
you would like to take:
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1 Try again.
2 Have the system give you a. hint.
3 - Have the system give you its answer.
4 Quit this exercise and go on to the next.
5 - Exit the tutoring system.
6 - Help.
Choice? 2
There is something wrong with the first
word in your response.
1 Try again.
2 - Have the system give you a hint .
3 - Have the system give you its answer.
4 Quit this exercise and go on to the next .
5 - Exit the tutoring system.
6 - Help.
Choice? 2
The gender of the first word is wrong.
1 Try again.
2 - Have the system give you a hint.
3 Have the system give you its answer.
4 Quit this exercise and go on to the next .
5 Exit the tutoring system.
6 - Help.
Choice? 2
The system cannot diagnose this any further.
1 Try again.
3 Have the system give you its answer.
4 Quit this exercise and go on to the next.
5 - Exit the tutoring system.
6 - Help.
Choice?
A.4.3. Receiving the Answer
If the user selects this option, the system will print the translation that itwas expecting,
and then present a new phrase for translation.
A-4
A.4.4. Quitting an Exercise
Quitting from an exercise amounts to the same thing as receiving the answer
- the ex
pected response is printed, and the system moves on to the next exercise.
A.4.5. Exiting the System
Exiting from the system causes the program to print the expected response for the cur
rent exercise, print some summary statistics, and terminate, leaving the userback at the
computer's command prompt.
A.4.6. Getting Help
Asking for help prints a brief summary that should clarifywhat the system is currently
waiting for. Recall, also, that a
"?"
at anytime brings the same thing.
A.5. Statistics
When running a question-and-answer system like this, it can be easy to lose track of
time. As a reminder, and to break themonotony periodically, the system will interrupt
the exercise sequence to present some statistics. The statistics will reflect the current
session. The following example illustrates the type of informationwhich is presented.
Duration of session, so far 20 minutes
Number of different phrases asked to translate 50
Number of aorrect responses 44
Number of total responses 57
Enter the number indicating the action you would like to take:
1 - Continue (return to exercises)






B. APPENDIX - SYSTEM ADMINISTRATION MANUAL
B.l. Introduction
Thismanual describes the GermanLanguage Tutoring system's administration. A lo
gin
"username"
mustbe obtained in order touse the system. It is the system administra
tor 's responsibihty to add and delete these usernames as required. Currently, a user-






account allows the system to be run for its intended purpose -
to practice German. The features available to a
"student"




account is not actually required for day-to-day administration of
the system . With it, theusergains the ability to look at andmanipulate thedata gathered
by the system at run-time. This data includes logs and statistics on student usage. This
information is ofparticular interest to the designerwho wishes to enhance the system,
or fix specific shortcomings in diagnosis. This manual is presented in two main sec
tions. Section B.2. discusses the day-to-day system administration
-
building from




B.2. Off-Line System Administration
This section describes the source code directory structure, the build procedures, the re
sulting executables and support scripts, and the
maintenance of usernames.
B.2.1. Source Code Directories.
The tutoring system source code resides in a directory tree, beginningwith the root di
rectory
'git'
(short for German Language Tutor). The location of this tree may vary
across systems. UNIX pages for 'CC, 'Id',
'make'
and 'sees', plus knowledge of csh
scripts and the C and C++ languages may be of additional help in building andmain
taining the system, depending on the level ofunderstanding
needed. The following pic
ture illustrates the general directory tree structure.
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./git
/SCCS /hdr /notes /component name [ . . ./component name]
/SCCS /hdr /lis /obj /sre!




. The dotted box above indicates the
sub-tree structurewhich is repeated formultiple "components". A component is a log
ical grouping of source code and include files, and the directory name will reflect the
logical function of the subdirectory (e.g. /models is the component directory which
contains the system's PhraseModels). The /git level can be referred to as the top level,
and the /component level can be referred to as the component level (e.g. there is one
top-level makefile, and multiple component-level makefiles).
'sees'
(UNIX Source CodeControlSystem) is used forconfigurationmanagement. All
source code and build procedures are checked in to sees, and should be checked out in
order to make any modifications.
'make'
(UNIX date-dependency, conditional build control program) is used to build
the system,
'make'
automatically looks for a file called
'makefile'
to operate from.
Simply giving the command
'make'
in the top-level directory will automatically re
buildwhatever portion of the system has beenmodified since the last time itwas built.
'make'
can also be invoked at any component level, to build that component (compila
tion only) without linking it into the system.
The following sections describe the individual directories.
B.2.1.1. Component-Level Directories - lcomponent_name
Asmentioned above, a component is a logicalgrouping ofsource code. Thecurrent
components of the tutoring system are hsted below. A component is made up of
some number ofC++ source code files (G), some number of include files (.h), and
amakefile. All of these are checked into sees (whichmaintains the /SCCS sub-di
rectory). Everything else found under the component directory is dynamically
built.
After a component is built, reference (read-only) copies of the G files are left in
the /sre directory, and reference copies of the .h files are left in the /hdr directory.
A reference copy of themakefile is left in the component-level directory. The out-
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put of a component build is a single object module (named component name.o).
It is left in the component-level directory, andwill be used by the top-levelmake
file to construct a complete system (see below). The /obj directory is filled with
the intermediate objectmodules (oneper source file), and the /lis directory contains
the intermediate C code which was generated from the C++ code (also one per
source file. These are for reference only, and may be deleted to conserve disk
space).
B.2.1.1.1. /construction Component
This component contains the source code for objects which are primarily responsi
ble for dynamic phrase construction - word and phrase descriptors, pattern
constructors, phrases and words.
B.2.1.1.2. /dictionary Component
This component contains the dictionary and dictionary entry objects, as well as the
dictionary data.
B .2.1.1.3. /log Component
This component contains the run-time data gathering log and log entry objects.
B .2.1.1.4. /models Component
This component contains the objects and datawhich support the phrasemodels and
base phrases.
B.2.1.1.5. /session Component
This component contains the controlling objects and agents for the session, statis
tics gathering, and the user interface.
B.2.1.1.6. /users Component
This component contains the objects which support user information.
B.2.1.2. Top Level Directory
-
.../git
This directory represents the whole system. Here will be a makefile which will
build anything that is out-of-date (including down in component directories) re
sulting in a complete and
up-to-date system executable. The makefile will auto
matically invoke each
component-levelmakefile. No .C files aremaintained at the
top level, but itdoes support
top-level (global) include files . Include files aremain
tained at the top level if they are used by more
than one component. A change to
a global include file causes all components to re-build, so it is advantageous tokeep
include files at the component level if possible.
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As at the component level, the makefile, and global include files are checked into
sees. In addition, anydocumentation, support, orutility scriptswill be checked into
sees. Reference copies of this documentationwill be put in the /notes sub-directo
ry, and executable copies of the scripts will be left in the top-level directory. After
a top-level build, the system executables will also be left in the top-level directory
(see section B.2.2. for additional detail about these).
B.2.2. Executables
Because this system is a prototype, and because most of its future potential involves
further modification, all test and debug capabilities have been left available. Simply
invoking
'make'
(or 'make all') at the top-levelwill build both debug and non-debug
executables.













is builtwith all debug code
and feedback removed, so it is the smallest and fastest executable. This should be





executables do not exist. A single executable,
'git'
is built, and
it is actually the version described as
'dglt'
in this manual.
B.2.2.2. Debug executable -
'dglt'
'dglt'
contains all of the code and functionality of 'git', plus a large amount of de
bug and informational code. It is essentially a verbose version of git. When run
directly, dglt will display this information to the screen as it runs. The volume of
information makes this rather unmanageable, though, so the
'split'
script (section
B.2.2.2.2. below) may be used to make dgltmore practical to use.
B.2.2.2.1. Debug output conventions
As mentioned, a large volume of information is dumped when running the debug
executable. To make this somewhat easier to use, a few basic conventions have
been adopted. Refer to the following excerpt of debug information which illus
trates these. The conventions are summarized following the excerpt.
ENTRY BasePhrase: :get_index
DEBUG returning the index at array location [1)
DEBUG which is 6
"Normal system output"
ENTRY Word Constructor 1
ENTRY (for automatics)
B-4
Debug informationis broken into two categories . Lines beginningwithENTRY
indicate a function ormember function entry point. Reading down the line of
ENTRYs yields a call-trace of the execution. All other information is tagged
withDEBUG, to distinguish it from both theENTRY points and the normal sys
tem output.
DEBUG output lines are preceded by three tabs (24 spaces) and ENTRY output
lines are preceded by five tabs (40 spaces). This is to visually separate them
from each other, and to move them away from normal, left-justified, system
output.
Constructor and Destructor entry points have four spaces between the ENTRY
keyword and the object name. Other functions have a single space. This is
anothervisual aid, helpfulwhen it is desired to ignore constructors and destruc
tors (as peripheral to the execution trace).
For objects that havemultiple constructors, such as theWord object in the above
example, the constructors are numbered, and followed by a brief comment, so
that it is obvious when reading the log, which constructor was used.
Subsequent DEBUG statements which have increasing number of spaces after
theDEBUG keyword, inmultiples offour spaces, reflect continuationor nested
comment information.
In the source code, allDEBUG and ENTRY output is sent to the standard error
output stream (cerr) as opposed to the standard output stream (cout).
Also in the source code, all output (debug or not) is flushed at the end of each
line (using endl). This is tokeep the output log accurate, should the system hang
up somewhere. (Ifoutput was not flushed, some output could be bufferedwhen










puts a large amount of debug information, butmust also output and input normal
user interaction information. Running
'dglt'
directly results in a large volume of
output dumped to the screen. If the
'split'
script is invoked, itwill run 'dglt', redi
recting the standard
error output stream to a file named debug.log. Output to the
screenwill appearnormal (the same as 'git') and the debug output can be examined
after the execution is complete. SPECIAL NOTE: As mentioned earlier, only a
single executable is currently supported. It is named
'git'
,
but it contains the debug
information described here as
'dglt'
. Because of this, the
'split'
script currently ref
erences 'git', not 'dglt'.
B.2.3. Sample Build Output
The following sample output is included
to illustrate the build procedure. It represents
the build which results from changing a single .C
file (phrasemodel.C in the
'models'
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component. Ifmultiple components had been changed, or if a global include file had
been changed, the build output would have beenmuch larger.
SYS27> make debug
#*********************** Update global header files.
##**?******************* Check each subsystem of tutor.
for i in construction dictionary log models session users ; do \
cd $i ; make GBL
HDRS="
. . /hdr/basephrase . h . . /hdr/dictionary .h
. . /hdr/log_defs . h . . /hdr/log . h . . /hdr/phrase . h . . /hdr/phrasedesariptor . h
. ./hdr/phrasemodellist.h . ./hdr/statistics.h . ./hdr/stdtype.h ../hdr/
user_defs.h . . /hdr/userlnterface . h . . /hdr/userlist . h .. /hdr/word . h





is up to date.
"dictionary.
o'
is up to date.
"log.o'




cd src; sees d../ get phrasemodel.C; cd ..;
1.54
177 lines




cd src; CC -DDEBUG +i -o -I.. /hdr -I.. /../hdr phrasemodel.C ; \
rm *. -c; \
mv phrasemodel . o . . /obj/phrasemodel.o; cd ..
**************************** Build a single
'models'
object module
Id -r obj/BPT_no_translation.o obj/basephrase.o obj/basephraselist .o obj/
basephrasepool . o obj /basephrasetrans . o obj /data_phrasemodellist . o obj /pat




is up to date.
'user.o'
is up to date.
#*********************** Build the executable - 'dglt'.
CC construction/construction, o dictionary/dictionary .o log/log. o models /mo




requests that the debug executable
'dglt'
be built. The build
procedure first attempts to update any global include files which have changed (none
have in this case). It then loops through the various components (passing down the list
ofglobal include files so that theirmodification dates can be considered by the compo








component, it finds the file phrasemodel.C to be out ofdate. The source
file is extracted from source control, and compiledwith theDEBUG switch. The com




components indicate that they are up to date. Finally, the top level build proce
dure builds the new debug executable, 'dglt'.
B.2.4. Adding Users
The tutoring system determines whether or not a user is authorized to use the system,
by checking a file called users.data in the top level directory. This file is under SCCS
control. There is a problem with this, though, in that the system may update this file
(for a student's current knowledge level), without going through SCCS. An appropri
ate procedure for updating this file manually, would be:
rename the current users.data file to a temporary name.
sees edit users.data (to check the file out for change).
rename the temporary file back to users.data (overwriting the old version).
make the necessarymanual changes (i.e. adding or deleting users).
sees delta users.data (to check this version into source control).
sees get users.data (for the tutoring system to use).
A username entry consists of four lines in the users.data file. The first line is a single
number, indicating whether this user is a student (1) or system administrator (2). The
second line is also a single number, indicating the user's current knowledge level. This
should be zero originally. The tutoring system will update the student's current level
as needed. The third line is a singlewordwhichwill be the user 's login name. It should
contain no spaces, and should be all lower case. The fourth line is currently used to
describe the user inmore detail, such as his orher first name. Currently, this line should





B.3. System Administrator User Features
A separate manual exists describing the student's use of the system, and that manual
should be considered a prerequisite to this one (both from a user standpoint, and be
cause the conventions apply to this account as well). This document describes specifi
cally the extra features available
with a system administrator username.
Whenever student features are run on the system, data is gathered and appended to a
log file called 'glt_admin.log'. This file is in an ASCII, though not too readable,
for-
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mat. The system administrator login provides some basic logmanipulation, viewing,
and report generating features. Access to these features is via simplemenus, like
those
used during normal student execution. The available features are described below.
B.3.1. Delete Log
This is justwhat the name implies - the
'glt_admin.log'
file is deleted. This might be
done to start with a clean baseline (e.g. because the system has beenmodified), or to
discard datawhichhas outlived its usefulness . An alternative to this, though, is the Save
Log feature described below.
B.3.2. Save Log
This effectively clears the data log, by copying its contents to a new file (the system
will ask for a new file name). This can be used when it is desirable to start a new log,
without losing data that has been previously gathered.
B.3.3. View Diagnosis Failures
One point where the system logs data, is when it must give up on a diagnosis (i.e. at
tempting to interpret a student's translation response.) It is desirable to examine these
cases to identify user errors which should have been handled by the system. This will
be one of the keyways to improve the system's performance against its current knowl
edge base. This feature allows the user to step through each incident report. The fol
lowing brief interchange with the system after selecting this option illustrates the in
formation available.
Enter the number indicating the action you would like to take:
7 View Diagnosis Failures
Choice? 7
Enter Earliest Date Desired (MM-DD-YY) ? 1-1-93
Date - 03-Jan-93 Username - ken
Index of Phrase Model which was used 5
Phrase which was to be translated - The table is round.
Expected response - Der Tisch ist rund.
Actual response - Bet the system aan't tell me what's wrong with this!






B.3.4. Summarize Diagnosis Failures
This feature is very similar to on-line viewing ofdiagnosis failures, except that the sys
tem requests a file name, and generates a report summarizing all of the failures since
the specified start date.
B.3.5. View Statistics
Whenever a session with the system is completed, an entry containing statistics from
this session is entered in the log. This informationmightbe ofinterest in characterizing
users, qualifying other data, or monitoring system usage. Like View Diagnosis Fail
ures, this feature asks for a data, and begins displaying statistics entriesmade since that
date. The following is an example of a statistics entry.
Enter Earliest Date Desired (MM-DD-YY) 7 1-1-93
Date 03Jan93 Username ken
User knowledge level at time of session 2
Duration of session 2 minutes
Number of different phrases asked to translate 5
Number of correct responses 4
Number of total responses 7
Phrase Model indices answered correctly first time 7, 3, 1, 9
Phrase Model indices where hints were given 6
Phrase Model indices where answer had to be given 6






B.3.6. View Cumulative Statistics
This feature is very similar to View Statistics. The system requests a date, and
than
compiles all ofthe individual statistics entries whichhave occurred since thatdate. The
summary looks like the following:
Summary of statistics 03-Jan-93 through [current date]
Number of sessions 8
Average user knowledge level 3
Spread of user knowledge levels 1-4
Average duration of session 15 minutes
Total system usage time 2 hours 0 minutes
Total number of different phrases asked to translate 100
Total number of correct responses 82
Total Number of responses 115
B.3.7. Summarize Statistics
This is another report-generation feature. The system requests a file name, and gener
ates a report summarizing all of the statistics entries made since the specified startdate.
It also includes the cumulative statistics based on all entries included in the report.
B.3.8. Full Report
This generates areportcontaining everything that is contained in the current log. (Basi
cally a compilation of all of the previously described report generation features.
B.3.9. Help
As in the student user environment,
"help"
can be selected at any time to obtainmore
detailed instructions from the system.
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C. APPENDIX - COMMERCIAL SOFTWARE FOR GERMAN
Many of the products listed here have
"sister"
productswhich support other languages.
For instance, in addition to "German Achievement I", Microcomputer Workshops
Courseware also markets "French Achievement
I"
and "Spanish Achievement I".
Dasher - for Apple II computers by Conduit. This program is a drill-and-practice
programwhich allows the teacher to enter thematerial to be drilled. Pre- designed
data sets are available as companions to specific textbooks. Sentences are
presented for translation. The student response is compared letter-to-letter with
the expected response, and echoed back to the student with dashes (hence
"dasher") in the place of discrepancies. This occurs a specified number of times
before the correct answer is given. The teacher sets the re-try level.
Deutsch Aktuell - for Apple H computers by EMC Publishing. This is a collection
of exercises and lessons covering vocabulary, grammar, reading comprehension,
communication skills and culture. The exercises are classic drill-and- practice.
If a student answers incorrectly, the correct answer is displayed, and the program
moves on. There is no intelligentdiagnosis. This program has also been criticized
for its distracting shifts between graphics and text on the screen [LaReau-1989].
Foreign Language Courseware - German Level I Vocabulary/German Level II
Vocabulary
- for Apple II computers by Learning Technology. This is another
classic drill-and-practice program for vocabulary. There is no diagnostic
feedback, but the program does keep statistics on each exercise, including wrong
answers, for later review.
The Game Show SubjectDiskette - Foreign LanguageWords - for IBM PCs, Apple
n and Commodore computers by Advanced Ideas. This program is a twist on
vocabulary drill-and-practice. It is run as a game, and the student competes for
a score. A clue to a word is presented in German, and the student must guess the
Enghshword. Themore clues needed for a specificword, the fewerpoints earned.
Although the student is only responding with single vocabulary words, he/she
must read and comprehend the phrase and sentence clues.
German IVocabulary/German IIVocabulary
- for Apple II computers by Learning
Technology, Inc. These are classic drill-and-practice vocabulary programs. The
student translates individual words. Incorrect answers get one retry, then the
program moves on.
German Achievement I/German Achievement II
- for IBM PCs and Apple II
computers byMicrocomputerWorkshops Courseware. GermanAchievement I is
a drill-and-practice program for vocabulary. An incomplete sentence is
presented, along with multiple
choices for possible completions. If the student
answers correctly, the program moves on. If the student answers incorrectly, the
correct answer is given, along with a canned explanation associated with the
incorrect choice. German Achievement II uses the same drill-and-practice
scheme, but grammatical concepts are
reviewed as opposed to vocabulary.
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German ComputerGrammar Iand II - forApple II computers byLingoFun. These
programs are highly rated drill-and-practice programs for
grammatical concepts.
Brief canned lessons on each concept are available.
German Hangperson - for Apple H computers by Learning Technology, Inc. This
program plays the game "hangman".
German Practice - for Apple II computers by George Earl. This program plays the
game "hangman", using sentences, instead of single words.
The student still
guesses letters for hints.
German Review Packet - for IBM PCs and Apple II computers by COMPress. This
is a drill-and- practice program for German Grammar. Each set of exercises
begins with a brief lesson on the specific concept to be tested. The student is then
asked questions requiring short (one or twoword) answers. If the
student answers
incorrectly, one retry is given before the program gives the correct answer.
German Word Order - for Apple II computers by Gessler Educational Software.
This is a sentence construction exercise program. All sentences are canned. The
program chooses a sentence, then prints the words in random order. The student
must attempt to reconstruct the correct sentence.
Mutlilingual Story Teller - for Apple n computers by Lingo Fun. This program
allows the student to practice writing skills. There are no intelligent diagnostics,
so teacher feedback is required to determine correctness. The student enters
statements in a binary tree, so that the story will be generated in different ways
depending on which branch the program takes during play-back.
Snooper Troops - German - for Apple H computers by Gessler Educational
Software. This is a role-playing game. The student is the detective, and the
program supplies clues to a crime. The student must comprehend the clues,
eliminate suspects, and identify the guilty person.
Vocabulary on the Attack
- for Apple II computers by Langenscheidt. This is a
multiple-choice drill-and-practice program for vocabulary. The student is
presented with aword, andmust select the correct translation. The correct answer
must be given before the program will move on.
Vocabulary Workshop
- for Apple He computers by Sterling Swift Publishing
Company. This is a game variation ofvocabulary drill-and-practice. The student
begins with some playmoney, and thenplaceswagers on his/her confidence in the
chosen response. The translation words are presented as multiple choices. If the
student is very sure of the answer, more money can be won (or lost) than if the
student indicates less confidence.Theprogram gives the correct answer andmoves
on after one attempt.
Wie SagtMan? - for Apple II computers by Lingo Fun. This is very similar to the
German Practice program described above, except that the hangman is missing (I
guess that makes it more like "Wheel of Fortune"). The student guesses letters
which are filled into the sentence to be guessed. The student has wide control over
the level ofdifficulty. Higher difficulty levels will not show blanks for individual
letters, and may not insert every occurrence of a successfully guessed letter.
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Wortgegecht - for Apple II computers by Gessler Educational Software. This is a
vocabulary drill programwhichplays the game "word attack". The student
selects
the category ofvocabulary to beused (e.g. "sports and recreation"). Besides "word
attack"
the student may also browse the vocabulary hst, take a multiple choice
quiz, or do sentence completion.
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D. APPENDIX - SOURCE CODE LISTINGS
All files included in this appendix are listed below. Header files appear first, listed al
phabetically, followed by .C files, also hsted alphabetically, followed by build proce
dures and execution scripts. For information on which header files are top-level, and
which components the remaining files belong to, refer to the makefiles near the end
of the listings (or the banner line of any individual listing).
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